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ABSTRACT 
Clusters of galaxies are ideal probes of large -scale structure as they are rare objects; 
large volumes of the Universe can be mapped with relatively small (when compared to 
galaxies) numbers of clusters. Clusters are also bright, they are among the most luminous 
X -ray sources in the sky. The X -ray emission originates from hot, diffuse, intracluster gas. 
The distribution of the gas density follows that of the underlying (dark) mass potential. 
Consequently the cluster X -ray emission is concentrated towards the central core region 
of the cluster. In the past it was not possible to make large X -ray selected samples of 
clusters because the X -ray data suffered from either poor spatial resolution or inadequate 
areal coverage. Therefore, cluster samples have traditionally been developed by searching 
for projected galaxy enhancements in photographic or CCD surveys. However, such 
optically selected cluster samples have been shown to suffer from projection effects which 
bias their clustering properties and limit their use as diagnostic tools. The work described 
in this thesis concerns the development of the SGP RASS Cluster Sample (SRCS), the 
first truly X -ray selected sample of clusters, and its application to a quantitative study 
of large -scale structure. 
The SRCS has been constructed from data acquired during the ROSAT All Sky 
Survey (RASS), where ROSAT is the German /UK /US X -ray satellite that was launched 
in 1990. The RASS, completed in 1992, was the first all sky survey made with an imaging 
X -ray telescope. Approximately 50,000 sources were detected during the RASS of which 
roughly 10% are clusters of galaxies. We have selected 345 cluster candidates from the 
RASS, to a limiting flux of fx 1 X 10 -12 erg s -1 cm-2, from a 28000° region centered 
around the South Galactic Pole (SGP). These candidates have been selected using both 
X -ray data from the RASS and digitised optical data from the COSMOS /UKST Object 
Catalogue (CUOC). Through a combination of optical spectroscopic data from our own 
observations and from the literature, we have been able to identify 154 of these candidates 
as clusters with redshifts. An additional 36 candidates have been identified with non - 
cluster X -ray sources that were contaminating the candidate list. The 154 RASS clusters 
in the SRCS constitute the largest X -ray selected cluster sample to date. 
Our experience has provided us with a unique insight that will aid future searches for 
clusters in the RASS database. We have been found that a significant fraction, 20 %, of 
RASS clusters are not Abell optical clusters (Abell 1958, Abell et al. 1989). We have also 
shown that 40% of RASSclusters were not flagged as extended sources by the Standard 
Software Analysis System (SASS). We conclude, therefore, that it is not possible to 
make comprehensive identifications of RASS clusters by relying solely either on the 
Abell catalogue or on existing SASS extent information. We also recommend that all 
candidates with a single galaxy in the X -ray error circle be followed up spectroscopically 
irrespective of whether the galaxy lies in a cluster with a known redshift. (This is due to 
the enhanced probability that such candidates are in fact X -ray bright AGN.) We note 
that planned changes to SASS may provide the means to identify contaminating objects 
without optical follow -up, by improving extent determinations. Such changes will also 
allow us to address one of the major drawbacks of the work presented in this thesis; that 
we have had to use unreliable source count rates. 
Using the SRCS, we have been able to make the first determination of the spatial 
correlation function, ¿cc, for an X -ray selected cluster sample. A reliable measurement 
of X ray was long overdue, as it can provide important constraints on theories of large - 
scale structure formation. Constraints from ¿cc ° are more robust than those derived 
from measurements of optical cluster clustering, C ,zcal, because X -ray selected cluster 
samples do not suffer from the projection biases mentioned earlier. We hope to settle the 
controversy over the value of the cluster correlation length, ro, using the SRCS. (Where 
ro is the separation at which ¿cc = 1.) 
We have found that the clustering patterns of the SRCS are similar, on all scales, 
to those of automated digitised optical cluster samples. In contrast, when we compare 
the SRCS to samples of Abell clusters, clusters which were selected by eye by Abell and 
co- workers from photographic plates, we measure a smaller correlation length (r ó 
"Y 
16 h -1 Mpc cf. ró bell Z 20 h -1 Mpc) and less power on large (r Z 40 h-1 Mpc) scales. 
We attribute this difference to artificial clustering in the Abell catalogue, as evidenced 
by our comparisons of the two - dimensional clustering in our sample with that in Abell 
samples. The lack of anisotropy seen in the SRCS correlation function provides strong 
support for the claims of Sutherland 1988 that some of the clustering power seen in 
Abell cluster samples is due to projection effects. Alternative suggestions proposed to 
explain the line -of -sight anisotropy in the Abell catalogue, e.g. large peculiar velocities 
or supercluster elongations, are much less tangible in light of our results. 
We have made comparisons between the SRCS correlation function and state of the 
art theoretical predictions. Our data seem to rule out a low density, positive cosmological 
constant, CDM model. However, they provide inadequate constraints to be able to 
distinguish between other, subtly different, models, e.g. standard CDM, mixed CDM 
and tilted CDM models. Larger X -ray cluster samples would be required to do so and it 
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1.1 Thesis Overview 
Chapter 1; Introduction 
This chapter describes the motivation behind the work described in this thesis. First, the 
role that large -scale structure observations, especially those of X -ray clusters of galaxies, 
can play in constraining cosmological models is described. Secondly, a critique is given of 
previous observations of the cluster correlation function. The motivation behind a new 
determination of the cluster spatial correlation function using an X -ray selected sample 
is then outlined. 
Chapter 2; Selection of SGP BASS Cluster Candidates 
The ROSAT All -Sky Survey (RASS ) provides an ideal opportunity to create a large, 
uniform sample of X -ray clusters with which to study large -scale structure. The expec- 
tations for cluster detection in the RASS are described in the first section of this chapter. 
We then go on to discuss the development of a flux -limited sample of SGP RASS cluster 
candidates. (Where "SGP" denotes a 2800 04 centered on the South Galactic Pole). The 
Pet&on 
selection methods used to derive this candidate sample utilize both the X -ray parameters 
available in the RASS database and digitised optical information. 
Chapter 3; Spectroscopic Follow -Up of SGP RASS Cluster Candidates 
The spectroscopic followup of the SGP RASS cluster candidate sample is described in this 
chapter. Details of the observing procedures, instruments used and reduction techniques 
employed are presented. The latter sections of this chapter describe the process of 
galaxy redshift determination and the methods employed to classify various galaxy types 
responsible for emission line spectra. 
1 
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Chapter 4; The SGP RASS Cluster Sample 
In this chapter an attempt is made to make fair identifications (as clusters or contam- 
inating objects) of the SGP RASS cluster candidates. For this purpose, we utilize the 
spectroscopic information from our own observations and from the literature. These 
identifications have resulted in the SGP RASS Cluster Sample (SRCS), which comprises 
some 154 X -ray clusters with redshifts. Several subsamples of SGP RASS clusters are 
introduced at the end of the chapter, these subsamples represent a range of selection 
methods and flux limits. Estimates of the completeness of each subsample are presented. 
Chapter 5; The X -ray Cluster Correlation Function 
The methods by which the spatial correlation function was determined from the various 
subsamples of SRCS samples are described in this chapter. The results are presented in 
the form of tables and figures and are discussed in the context of a) previous results and 
b) theoretical models. 
Chapter 6; Discussion 
In this chapter the major conclusions of this thesis are re- iterated and suggestions are 
made for follow -up work in the area of X -ray cluster large -scale structure. Some of the 
other projects to which the ROSAT SGP cluster sample will be applied are also discussed. 
Appendix A 
The SGP RASS Cluster Candidate list is presented in this appendix. Candidate identi- 
fications and cluster redshifts are also given. 
Appendix B 
The results from the spectroscopic follow -up are presented in this appendix. 
Appendix C 
Finding charts produced from the COSMOS /UKST Object Catalogue are presented in 
this appendix. These finding charts illustrate the appearance on optical photographic 
plates of the regions surrounding 40 SGP RASS cluster candidates. 
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1.2 Physical and Observational Cosmology 
1.2.1 The Standard Big Bang Model 
The standard hot Big Bang model is a remarkably successful operating hypothesis de- 
scribing the evolution of the Universe on the largest scales. In the Big Bang model, the 
Universe expands rapidly from a very hot, dense state at t = O. It provides a framework 
for such observations as a) the Hubble law of recession of galaxies, interpreted in terms 
of the expansion of the universe, b) the abundances of light elements, in excellent agree- 
ment with the predictions of primordial nucleosynthesis and c) the thermal spectrum 
and isotropy of the cosmic microwave background radiation (CMBR), as expected from 
a hot, dense early phase of expansion. 
The Cosmological Principle lies at the foundation of the standard cosmology, it 
states that the Universe, on average, is homogeneous and isotropic. There is growing 
evidence that these two assumptions are correct. The evidence for angular isotropy on 
large scales comes from the smallness, AT /T ' 5 x 10 -6, of the CMBR large -angle 
anisotropy detected by the COBE1 satellite (Smoot et al. 1992). Additional evidence 
comes from the trend for the galaxy distribution to become homogeneous in deep redshift 
surveys, e.g. Fisher et al. (1993). 
The geometrical expression of the cosmological principle is defined by the metric, 
z 
ds2 = c2dt2 - d2(t) 
krz 
+ rz(d8 + sin2 Od¢z) , (1.1) 
where a(t) is the global scale factor which describes the overall expansion or contraction, 
r, 0,0 are the comoving coordinates of the galaxy and k defines the spatial curvature 
(the Friedmann- Robertson - Walker metric). The value of k is still an unknown, it defines 
whether the Universe is open & expand forever, k = 0, -1 , or closed & eventually 
start to contract, k = 1. In the special case of k = 0 space -time can be described 
by Euclidean geometry and the Universe is said to be "flat"2. (Euclidean geometry is 
assumed throughout this thesis.) 
The cosmological principle leads directly to Hubble's observation in 1929 that the 
recession velocity of a galaxy, v(t), is proportional to its distance, 1(t), from us, see 
Mould et al. (1991) for a recent confirmation. 
v(t) =11(01(1), (1.2) 
where H(t) = (d /a) is the (slowly) time dependent Hubble's constant. Measurements 
of Ho, the present day value of H(t) suggest that it value lies in the range 40 < Ho < 
LCOsmic Background Explorer 
2N.B. The symbol k will be used hereafter to indicate wavenumber. 
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100 kms- 'Mpc -1, e.g. Jacoby et al. (1992) , and throughout this thesis we adopt a value 
of Ho = 100hkms- 1Mpc -1, where h = 1. 
The consequence of the Hubble expansion on photons wavelength (Arest) radiated 






where y is the relative velocity of the galaxies, .ßd,9 is the observed wavelength and z is 
known as the redshift. Combining equations 1.1, 1.2 & 1.3, it is possible to relate the 
redshift to the luminosity distance, D, 
D = [zgo -i- (go - 1)(2goz + 1 - 1)], (1.4) 
where qo = -(Q2 )o is the present day "deceleration parameter" of the Universe, Weinberg 
(1972). We use equation 1.4 with qo = á throughout this thesis to calculate distances 
to, and separations between, clusters of galaxies. An alternative expression of qo is, 
Sto A 
qo = 2 3Hó' 
(1.5) 
where A is the cosmological constant in the solution of Einstein's equations and Sto 






There are certain observations that the standard Big Bang model cannot explain ele- 
gantly. For example the "horizon ", and "flatness" problems which motivated the de- 
velopment of Inflation Theory, Guth (1981). The horizon problem relates to the fact 
that the CMBR is smooth on scales larger than a degree. The flatness problem refers to 
the fact that no has been measured to be within one or two orders of magnitude of 1. 
(See Frieman 1994 for a discussion of the implications of these observations.) Inflation 
provides a context in which these problems are solved, by invoking an era, t 10 -35 s, 
of very rapid expansion after which the Universe emerged homogeneous and flat. 
An appealing aspect of Inflation is that it would imprint small scale perturbations 
in the primordial density field, e.g. Bardeen et al. (1983). It is generally accepted that 
galaxies, clusters and other large structures have developed via the gravitational evo- 
lution of such perturbations. (Note that Inflation is only one of several models of per- 
turbation production, see Peebles 1993.) The perturbations produced by Inflation will 
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have a scale invariant, or Harrison -Zel'dovich, power spectrum; P(k)cc k, where k is 
the wavenumber of the perturbation. Moreover, they will be governed by Gaussian 
statistics. This means that their statistical properties can be completely specified by 
the power spectrum or, equivalently, the two point correlation function ( §1.2.6), see 
Efstathiou (1990) for a derivation. 
Another prediction of Inflation is that the present day Universe has a mass density 
that must satisfy II = 1. However, this requirement is not satisfied by the luminous 
matter in the Universe. An inventory of mass in stars, galaxies, X -ray gas etc. , pegs 
the luminous mass density at 0l,,m 0.01. In other words in a Big Bang+Inflation 
Universe, 99% of the mass in the Universe must be non -luminous `dark matter'. 
1.2.3 Dark Matter in the Universe 
The existence of dark matter in the Universe was theorized long before the development 
of Inflation Theory. For example the "missing mass" problem discovered by Zwicky 
(1933) in clusters of galaxies. Zwicky showed that the summed mass of the galaxies, 
determined from the galaxy mass to light ratio, was an an order of magnitude less than 
the virial mass determined from the galaxy velocity dispersion, see White et al. (1993a) 
for a more up to date assessment. Other evidence for dark matter comes from flat spiral 
galaxy rotation curves, Fich & Tremaine (1991), and large -scale peculiar motions, Dekel 
(1994). 
The nature of the dark matter is highly uncertain. There is evidence that at least 
some of the dark matter in galaxy halos is made up of degenerate brown dwarfs or 
MACHOS3, substellar (M < 0.08M0) objects which did not reach sufficiently high 
temperatures to burn hydrogen, Alcock et al. (1993). However, there are two reasons 
why theories involving exotic, non -baryonic, dark matter have become popular. First, 
Big Bang primordial nucleosynthesis restricts the total, present epoch, baryon density 
to 0.010 < S/Bh2 < 0.015, Schramm (1990). Therefore, baryons could only account for 
1% of the mass in an S10 = 1 Universe. 
Secondly, if the Universe is dominated by baryons, it is very hard to reconcile the 
existence of galaxies and clusters with the observed smoothness of the CMBR. For these 
structures to have formed by the present epoch, the primordial density perturbations 
need to have evolved into enhancements where ôp(r) /po ti 1. (Where 8p(r) = p(r) - po, 
and po is the average density of the Universe.) The background radiation was last in 
thermal contact with the baryonic matter at z 1000. The CMBR is, thus, engraved 
with a relic of the z 1000 baryonic density perturbations. The CMBR temperature 
3MACHO is an acronym for massive compact halo objects 
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fluctuations, ST /T ^ 5 x 10 -6 (Smoot et al. 1992), are three orders of magnitude smaller 
than those required to produce z 0 galaxies in a baryonic universe, Börner (1988). 
Alternatively, if the dominant type of matter was non -baryonic and, therefore, only 
weakly coupled to the background radiation, then it is possible to have large fluctuations 
in the z ^: 1000 density field but not in the CMBR. In these scenarios, the fluctuations 
in the baryonic component were small at z = 1000, but grew later to the same size as 
the fluctuations in the non -baryonic component. 
Despite many on -going searches, see Frieman (1994) for a review, the identity of 
the particle(s) responsible for the non -baryonic dark matter remains a mystery. In the 
absence of this information, it is possible to theorize particles that effect the primordial 
power spectrum in such a way as to mimic the observed large -scale structure observed in 
the Universe today. The relevant characteristic of these particles is the horizon scale of 
the Universe at which the particle velocity becomes non -relativistic. Density fluctuations 
with wave numbers smaller than this scale will be damped, because relativistic particles 
will stream away from regions of compression. For example hot dark matter (HDM, 
Shandarin et al. 1983), consisting of light particles such as neutrinos, would damp out 
any fluctuations smaller than a mass scale of a supercluster, 1015M®. By contrast, cold 
dark matter (CDM, Blumenthal et al. 1984), consisting of heavy particles such as axions, 
would become non -relativistic very early and density fluctuations would be preserved on 
all scales. 
1.2.4 The Cold Dark Matter Model 
The previous sections have introduced a theoretical model, Big Bang+Inflation, from 
which we can begin to understand the observable Universe. However, a large piece 
of the puzzle remains unsolved; i.e. why is the Universe we observe today so clumpy, 
e.g. de Lapparent et al. (1986), when the CMBR is so smooth? To be able to answer 
this question we have to address several others, including; what is the nature of the 
matter in the Universe and what is the power spectrum of density fluctuations at the 
present and primaeval epochs? In the absence of definitive answers to these questions it 
is possible to theorize a multitude of models that could explain the process of large -scale 
structure formation. Only robust observations of the large -scale structure can prevent 
these models getting too far fetched. Observations, in effect, provide constraints on the 
palette of parameter space available to theorists. 
As an example, let us review the present status of the Cold Dark Matter (CDM) 
model. This has proved to be a very popular model of large -scale structure forma- 
tion theory, having the joint advantages of simplicity and the ability to predict, fairly 
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accurately, the observed galaxy clustering. In a standard CDM model the following 
assumptions are made; a) the Universe is dominated by weakly interacting massive par- 
ticles, b) 120 = 1, A = 0, c) baryonic matter constitutes an insignificant fraction of the 
mass, d) there is biased galaxy and cluster formation, i.e. light does not trace mass in a 
linear fashion and e) the fluctuations in the early universe were adiabatic, governed by 
Gaussian statistics and scale- invariant, i.e. P(k) cc k. In CDM universes, the present 
day power spectrum is modified from the primordial one; it tilts from P(k) cc k at small 
k to P(k) x k -3 as k --f co, Blumenthal et al. (1984). The scale at which the power 
law slope changes sign corresponds to the horizon scale (N et) at the transition between 
the radiation and matter dominated eras, t 5 x 1011s. (Before transition the growth 
of fluctuations smaller than the horizon scale is suppressed, afterwards all fluctuations 
grow at the same rate.) 
The success of the CDM theory can be judged by comparing its predictions with 
observations. Figure 1.1 shows the power spectrum, P(k), of density fluctuations as 
a function of wavenumber k corresponding to distance scales of order 10 h -1 Mpc to 
3000 h -1 Mpc. This figure is a reproduction of Figure 1 in Lamb & Quashnock (1993). 
The shaded regions show the power spectrum of total mass - energy density fluctuations 
found from analysis of the LOBE data (Smoot et al. 1992), and the power spectra of 
luminous matter density fluctuations found from analysis of the APM optical (Peacock 
1991) and the IRAS infrared (Fisher et al. 1993) galaxy survey data. The data points 
shown are from the analysis of surveys of faint radio galaxies (Peacock & Nicholson 
1991), clusters of galaxies (Schectman 1985; Lahav et al. 1989) and from pencil beam 
surveys (Koo & Kron 1987; Broadhurst et al. 1990). The dashed line shows a typical 
power spectrum for the standard CDM model normalized to the COBE result. Note the 
`knee' in the CDM spectrum at k 0.03 h -1 Mpc, which corresponds to the transition 
scale mentioned above. 
It is apparent from Figure 1.1 that the CDM spectrum, when normalized to the 
COBE data at k 0.007 h Mpc 1 can provide a fair fit to the optical galaxy data for 
k Z 0.1h Mpc -1. However, for 0.06 S k 0.1 the observations begin to deviate wildly 
from the CDM prediction. The general interpretation of this deviation is that standard 
CDM underpredicts the power on these scales. It is possible to find non -standard CDM 
models that provide better fits to the observations; e.g. by reducing S20, tilting the 
primordial power spectra away from P(k) x k, introducing a non zero cosmological 
constant, mixing some HDM in with the CDM etc. , Efstathiou et al. (1990). However, 
these non - standard models become increasingly less attractive as they gain complexity. 
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Figure 1.1: Power spectrum P(k) of density fluctuations as function of wavenumber k 
corresponding to scales of 10 -+ 3000 h -1 Mpc. The dotted curve depicts a typical 
power spectrum for the cold dark matter model. The various data curves and points are 
described in the text. (Reproduction of Figure 1 in Lamb & Quashnock 1993) 
1 
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1.2.5 Clusters as Probes of Large -Scale Structure 
From Figure 1.1 it can be seen that observations of several types of object are required to 
measure the power spectrum on all scales. The limited size of present large area galaxy 
catalogues and the finite beam size of the COBS instrument (10 °) means that a very 
interesting region of k space, that where the CDM spectral index4, n, turns over from 
n = 1 to n < 0, cannot be accessed by existing observations of galaxies or the CMBR. 
Observations of clusters of galaxies, on the other hand, provide a very efficient way to 
probe fluctuations with wavelengths in this regime. Clusters are bright objects that can 
be observed to redshifts of z 1, Gunn et al. (1986), and have a very low space density; 
their typical separation is ^ 101/-1 Mpc. A volume complete all -sky sample of clusters 
to z ^: 0.1 would contain several thousands of objects compared to the tens of millions 
of galaxies that occupy this volumes. This has the important practical benefit that far 
fewer redshift measurements are required to probe the same volume of the Universe if 
one uses clusters rather than galaxies. 
A less obvious benefit of clusters is the fact that their distribution is easier to model, 
via analytical techniques, than that of galaxies. This is because clusters represent den- 
sity enhancements that are only mildly "non- linear ". In the linear regime, Sp /po « 1, 
each Fourier modes in the density field evolves independently. Coupling between modes 
is insignificant and all modes grow at the same rate as the scale factor, a(t), see Efs- 
tathiou (1990) for a complete derivation. The density enhancements of galaxies are well 
outside this regime and the only way to model their large -scale structure accurately is 
using large n -body computer simulations, in which Newton's equations of motion are 
integrated numerically. By contrast, it is possible to study cluster large -scale structure 
analytically using the Zel'dovich (1970) approximation for the nonlinear evolution of 
structure. Recent progress in this area, e.g. Mann et al. (1993), means that observations 
of clusters can be compared against accurate theoretical predictions that are independent 
of n -body simulations. Although, there is also progress in the field of n -body simulations 
of cluster distributions, e.g. Croft & Efstathiou (1994), these are very time consuming 
calculations and a compromise has to be struck between the volume that is sampled and 
the spatial resolution of the simulation. 
Despite the advantages of low spatial density and comparative ease of modelling, one 
caveat must be extended to the use of clusters of galaxies as probes of the large -scale 
structure; the cluster distribution may be unrepresentative of the mass distribution 
4Where P(k) cc kn 
6These figures assume that a galaxy richness limit (RC > 0) and a luminosity limit (> L.) has been 
applied to the clusters and galaxies respectively. 
6See § 1.2.6 
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in the Universe. (It is the mass distribution that we ultimately want to describe.) 
Kaiser (1984) suggested that clusters might form only in places where the primordial 
density enhancement was unusually large and thus give only a biased measure of the 
present day density fluctuation spectrum. If true then this means that there will be 
a more complicated relationship between cluster observations and analytical & n -body 
predictions than if the cluster distribution truly followed that of the mass. 
1.2.6 The Spatial Correlation Function 
Almost all studies of cluster large -scale structure, including that presented in this thesis, 
involve measurements of the spatial correlation function and not the power spectrum. 
Therefore, we define here the physical interpretation of the spatial correlation function 
and the relation between this statistic and the power spectrum of density fluctuations. 
For any class of objects distributed in three dimensions throughout volume V with 
an average number density, n, the two -point correlation function, E(r12), is defined by, 
SP = n2SV1bV2[1 -f- S(r12)], (1.7) 
where bP is the joint probability that an object is found in both of the volume elements 
SVl and SV2 separated by distance r12. Equation 1.7 includes an assumption that the 
objects are distributed isotlopically within the volume, reflected by the fact that 4" is only 
a function of separation and not of orientation. If the objects had a random distribution, 
the joint probability is simply proportional to the size of the volume elements, E(r12) = 0 
and equation 1.7 reduces to, 
SP = n28V1SV2. (1.8) 
If, instead, the presence of an object in SV1 increases the chance of finding an object in 
SV2, the objects are said to be correlated and E(r12) > O. In the opposite case of anti - 
correlation, -1 < ¿(r12) < O. The amplitude of the correlations, or anti -correlations, 
is generally a function of the separation r. The correlation length is defined as the 
separation at which the correlation amplitude is equal to 1 and is usually assigned the 
symbol r0. For example, in the case of galaxies, ro ^ 6 h -1 Mpc, Maddox et al. (1990). 
Let us now relate the correlation function to the power spectrum of density pertur- 
bations. The mass density contrasts can be described by a continuous function, Sp(r). 
If we assume that Sp(r) is periodic in some large volume V, then the density contrast 
can be expanded into its Fourier components, 
¡2)3/2 
Sp(r) - l V1/2 E bÆetk.r. (1.9) 
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The Fourier transform of equation 1.9 is, 
bk 2T-3/2V-1/21 bp(r)e- 4k.rd3T. (1.10) 
We now define the autocorrelation function, E(r), of the density field, 
E(r) - (8 (ri)S (r1 -f- r)) (1.11) 
where 5,,(r1) describes the density contrast at position r1. (Equation 1.11 is the equiv- 
alent to equation 1.7 for a continuous distribution.) Combining equations 1.11, 1.9 and 
1.10 we find that, 
E(r) = 47r . 
In other words, the autocorrelation function is the Fourier transform of the power spec- 
(1.12) 
tram, 
P(k) _ (18k12). (1.13) 
With regard to our previous comment about biasing in the cluster distribution, the 
relation between the spatial correlation function measured from observations of a sample 
of clusters, ecc, and the autocorrelation function of the density field will be given, 4-p, 
in the simplest case, by, 
SCC(T) = AEp(T) (1.14) 
where A is a constant. 
1.3 Observations of Cluster Spatial Correlation Function 
In the previous section we attempted to explain why observations of the large -scale 
structure, and in particular that described by clusters of galaxies, are crucial to our 
understanding of the Universe. In this section we give a brief review of the progress that 
has been made in the specific study of the cluster spatial correlation function, 4-cc(r). 
We begin with a discussion of 5 different samples of clusters and the spatial correlation 
function results derived from them. 
1.3.1 Five Determinations of cc 
The results presented in table 1.1 represent five recent determinations of the spatial 
correlation function. In each case the observed correlation function has been found to 
follow a power law, parameterized by, 
ECC(r) (-) T = 
To 
(1.15) 
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where ro is the correlation length as defined in §1.2.6 (column 5) and 7 is the power law 
slope (column 6). These five publications are highlighted because they represent real 
observational breakthroughs either in a) the number of clusters in the sample, b) the 
way the sample was selected or c) the methods used to obtain the cluster redshifts. We 
divide this discussion into three categories according to the selection method used to 
create each sample; A. visual inspection (samples I & II), B. plate digitisation (samples 
III & IV) or C. X -ray detection (sample V). 
A. Samples produced by Visual Plate Inspection 
The catalogues of optical clusters constructed by Abell (1958) and Abell, Corwin 
& Olowin (1989, hereafter ACO) remain the most complete sources of cluster informa- 
tion available in the literature. The catalogues were constructed by visually inspecting 
the Palomar Sky Survey Schmidt plates (northern sample, Abell 1958) and the United 
Kingdom Schmidt Telescope (UKST, § 2.2.1) IIIa -J survey plates (southern extension, 
ACO). This remarkable effort produced two catalogues comprising of more than 4000 
clusters which sample the universe out to z ti 0.2. The scheme used to classify galaxy 
enhancements on the photographic plates into clusters in both catalogues was as follows; 
1. The cluster had to contain at least 30 galaxies within the magnitude range of 
m3 - m3 -I- 2, where m3 was the magnitude of the third brightest galaxy in the 
cluster. (The number of galaxies in this magnitude range is referred to as the 
cluster richness.) 
2. The galaxies defining the cluster had to lie within 1.5 h -1 Mpc of the cluster centre. 
The angular size of this radius is given by, O = 150 /cze3t, where the approximate 
cluster redshift, zest, was estimated using the magnitude, mio, of the tenth bright- 
est cluster galaxy. 
3. The estimated redshift had to fall within the range 6000 < czest < 60000kms -1. 
The clusters were divided into richness and distance classes as shown in Table 1.2. 
Sample I: Postman et al. (1992) 
The best study of Abell cluster correlations, to date, was performed by Postman et 
al. 19927. They performed a large area redshift survey of all 350 Abell clusters north of 
8 = -27 °30', with m10 < 16.5. About half of the cluster redshifts were based on three 
or more independent galaxy spectra, with _ 25% being determined from only a single 
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0 30 - 49 2 80 - 129 4 200 - 299 
1 50 - 79 3 130 - 199 5 > 300 





m,. Distance mr 
1 13.3 -14.0 4 15.7 -16.4 6 17.3 -18.0 
2 14.1 -14.8 5 16.5 -17.2 7 > 18.0 
3 14.9 -15.6 
Table 1.2: The richness and distance classes defined by Abell (1958). 
galaxy spectrum. The mean redshift of their survey is z 0.07. They added the Virgo 
cluster (a nearby cluster not included in the Abell catalogue), thus producing a sample 
of 351 objects. They present estimates of Ecc(r) over the range 10 < r < 75 h -1 Mpc 
for various subsamples of the 351 clusters. They found that, after correcting for the 
influence of the Corona Borealis supercluster, all the samples had correlation lengths of 
ro ^ 20 h -1 Mpc and power indices of -y ^ 2. 
Sample II: Nichol et al. (1994a) 
Nichol et al. (1994a) have re- estimated the Ecc of the Abell cluster sample presented in 
Huchra et al. (1990). This sample included all 145 RC > 0, D > 5 Abell clusters in the 
region 10h < a < 15h and 58° < S < 78 °. These clusters have accurate optical positions 
and spectroscopic redshifts. (The mean redshift of the sample is z = 0.16). Briel & Henry 
(1993) analysed ROSAT All -Sky Survey (§ 2.1) data in regions around each of the 145 
cluster positions and calculated source count rates and detection likelihoods. From this 
list, Nichol et al. (1994a) selected all 67 clusters with z < 0.24 and LX > 1043 erg s -1 
that were detected in X -rays at v > 2, with which to perform a correlation function 
analysis. Over the range 6 < r < 40 h -1 Mpc, they measured r0 = 16.1 + 3.4 h -1 Mpc, 
and -y = 1.9 + 0.3. What is surprising about this result is that it differs form the findings 
of Huchra et al. (1990), r0 = 20.311, for the whole sample of 145 clusters. This suggests 
that by imposing X -ray selection on a sample of optical clusters, the statistical properties 
of that sample may change. 
B. Samples Produced by Plate Digitisation 
Recently it has become technically possible to digitise photographic plates with suf- 
ficient resolution and speed that galaxy catalogues can be constructed over large areas 
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of the sky without the requirement of visual plate scanning. From these digitised galaxy 
samples, one can then produce cluster samples using computer algorithms with objective 
selection criteria. We describe here two cluster samples derived from plate scans of the 
UKST plates. (A third cluster sample, the ROE /NRL cluster catalogue, and the UKST 
survey is described in § 2.2.4.) 
Sample III: Nichol et al. 1992 
Nichol et al. (1992) presented the first Ecc(r) for digitised clusters, based on a sample 
of 79 rich clusters taken from the Edinburgh /Durham Cluster Catalogue (EDCC). The 
EDCC contains 737 clusters or groups, Lumsden et al. 1992. It was developed from 
the Edinburgh /Durham Southern Galaxy Catalogue (EDSGC, Heydon- Dumbleton et 
al. 1989). The EDSGC was constructed using COSMOS scans of 60 UKST plates and 
covers an area of 0.5 steradians centered on the South Galactic Pole. The EDCC cluster - 
finding algorithm incorporates sophisticated background subtraction and deblending rou- 
tines. Galaxy richness, Rgai, for EDCC clusters is defined in a similar way to that of 
Abell (1958), except that the counting radius was reduced to 1 h -1 Mpc. The 79 clusters 
in the Nichol et al. (1992) analysis represent 90% of the Rgai > 22 EDCC clusters in the 
region 23h53m < a < 3h35m and - 22 °53' < S < - 42 °12'. They measured Ecc(r) for 
this sample over the range 3 < r < 35 h -1 Mpc to have an ro = 16.4 + 4.0 h -1 Mpc and 
a slope of y = 2.1 + 0.3. The unique characteristic of this sample is the large number of 
galaxy spectra, ngat, used to determine the cluster redshift, i.e. 71 gal = 10. 
Sample IV: Dalton et al. 1992 
The Automatic Plate Measuring (APM) cluster sample (Dalton et al. 1992) covers 
43000° (S < -20 °, b S 40 °) and was developed from the APM Galaxy Survey (Maddox 
et al. 1990). The APM galaxy survey contains 2 million galaxies with b; < 20.5, 
and was constructed from the digitisation of 185 UKST plates, again centered on the 
South Galactic Pole, by the SERC APM machine at Cambridge University. Clusters of 
galaxies to zest S 0.1 with ngal > 20 were selected from the APM survey using surface 
density enhancement criteria. An iterative procedure was applied to define a charac- 
teristic magnitude and richness within 0.75 h -1 Mpc of the cluster centre. The Ecc(r) 
for 190 Rgai > 20 APM clusters, the largest digitised sample to date, was measured by 
Dalton et al. (1992) to have anro= 12.9+1.2 for y =2. 
C. An X -ray Selected Sample 
The selection of the cluster samples I -IV relied on the detection of two - dimensional 
galaxy enhancements. An alternative approach is to select clusters by virtue of their 
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X -ray emission, § 2.1.2. 
Sample V: Lahav et al. (1989) 
Lahav et al. (1989) determined the only pre -ROSAT spatial correlation function for X- 
ray clusters, finding ro = 21 h -1 Mpc for y = 1.8. Their result was based on an all-sky 
sample of 53 X -ray clusters with (2 -10 keV) fluxes greater than 1.7 x 10 -11 erg s -1 cm -2. 
The majority of the clusters were selected from the all -sky HEAO I survey sample of Pic - 
cinotti et al. (1982). The list was supplemented with clusters from the ARIEL V survey 
(McHardy et al. 1981 & Warwick et al. 1981) and from EINSTEIN and EXOSAT obser- 
vations. Accurate fluxes for 49 of these clusters were taken from EINSTEIN and EXOSAT 
observations. The authors claim that the sample is complete to 3 x 10 -11 erg s -1 cm -2 
and that the incompleteness at lower fluxes comes from a reduced cluster detection ef- 
ficiency at low Galactic latitudes in the all-sky surveys. It should be noted that, when 
clusters at b < 20° are removed, the measured correlation length of the remaining 45 
clusters drops to ro 17 h -1 Mpc 
1.3.2 Motivation for a New Derivation of cc 
Referring again to Figure 1.1, it can been seen that at k 0.03 h Mpc -i there is a large 
discrepancy between the power measured from optical galaxies and from clusters. Any 
valid model of large -scale structure formation must be able to explain this discrepancy. 
To this end, various scenarios have been proposed. For example, suggestions that a) the 
primordial power spectrum had spikes in it, Dekel (1984), b) that clusters formed from 
only the largest primordial density enhancements, Kaiser (1984) and c) that there is a 
universal, richness dependent, correlation function, Bahcall & Burgett (1986). 
However, there is a more obvious solution; perhaps the cluster observations are 
biased in some way so as to over predict the true clustering power. It can be seen from 
the discussion above that the cluster correlation length, ro, is not a stable parameter 
between different cluster samples. It ranges from 13 h -1 Mpc (APM clusters, sample IV) 
to . 20 h -1 Mpc (Abell clusters, sample I). Admittedly these results are not enormously 
discrepant, given the size of the error bars in each case. However, in terms of finding 
a theoretical model of structure formation that can predict both galaxy and cluster 
clustering, this discrepancy is very important. Whereas a cluster correlation length of 
ro 13 h -1 Mpc has been shown to be consistent with CDM models (albeit hybrid 
versions of the standard model mentioned in § 1.2.4, e.g. Croft Si Efstathiou 1994), 
it is almost impossible to reconcile an ro 20 h -1 Mpc with CDM models. Indeed, 
the extremely high values of ro 45 h -1 Mpc that have been measured for richness class 
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RC > 2 Abell clusters (Peacock & West 1992) would violate the fundamental assumption 
of CDM, and other models, that the primordial fluctuations were governed by Gaussian 
statistics. 
Therefore, it is vital that we understand why the clustering measured from digitised 
cluster samples is consistently lower than that measured from raw samples of Abell 
clusters. (Where "raw" refers to samples that have had no additional X -ray selection 
applied.) Although the answer to that question seems clear, that the Abell catalogue 
suffers from inherent selection effects, this scenario is certainly not widely accepted. This 
is demonstrated by the following quotes made with regard to possible selection biases in 
sample I, the Postman et al. (1992) sample; 
1) "The clustering properties of Abell clusters are robust and are not strongly dependent 
on selection or projection effects." (Postman et al. 1992) 
2) "We use Postman et al. 's data to show that the clustering of Abell clusters is highly 
anisotropic in redshift space, providing clear evidence of artificial clustering." (Efstathiou 
et al. 1992) 
The anisotropies that Efstathiou et al. (1992) are referring to are demonstrated in 
Figure 1.2. This is a reproduction of Figure 2 in their paper and shows contours of corre- 
lation amplitude as a function of angular (o) and redshift (Or) separation for the Postman 
et al. (1992) sample. (Where r2 = Q2 + 7r2.) If the clustering properties of this sample 
were isotropic then the contours should be circular. They are clearly not circular, being 
stretched out along the redshift axis to it ^ 80 h -1 Mpc. This effect was first noticed by 
Bahcall et al. (1986) and interpreted as evidence either for large peculiar velocities' of 
N 2000 km s-1 or for preferential alignments of superclusters. Neither interpretation has 
been leant weight by subsequent observations, although a recent theoretical paper (Jing 
et al. 1992) did state that up to 30% of "possible universes" would show the same effect. 
Efstathiou et al. (1992) prefer to interpret these anisotropies as evidence for pro- 
jection effects in the Abell catalogue. These effects occur when galaxies are falsely 
associated with a cluster, because they happen to lie along the same line -of- sight. There 
are two manifestations of projection effects; 
1) The Sutherland effect; "angular correlations that are not due to genuine clustering 
in redshift space ", Sutherland (1988). 
2) Phantom clusters; "A significant fraction of rich clusters identified in projection do 
not correspond to rich three - dimensional clusters ", Frenk et al. (1990, also Lucey 1983). 
The Sutherland effect occurs when two clusters lie along roughly the same line -of -sight 
and their halos overlap. Galaxies in the overlap regions boost the measured richness of 
8Velocities in addition to the Hubble flow 
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Figure 1.2: A contour plot of correlation amplitude as a function of angular and redshift 
distance, Ecc (o, 7r), for the Postman et al. (1992) sample, notice the large anisotropies 
in the ir direction. The contour levels are at -0.4 < Ecc < 4, where the ecc = 1. contour 
is shown in bold and the contour levels at negative values of 4.cc are plotted as dashed 
lines. (Reproduction of Figure 2 in Efstathiou et al. 1992) 
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both clusters. Therefore, systems that are intrinsically quite poor will be included in a 
richness limited sample of optical clusters. The presence of these poor clusters artificially 
enhances the correlation amplitude and, because these clusters necessarily have a part- 
ner along the same line of sight, the enhancement will preferentially occur in the redshift 
direction. In several papers, Sutherland, Efstathiou and co- workers have attempted to 
correct for this effect in the Abell catalogue. They estimate the correlation length to be 
ro = 14 h -1 Mpc after performing this correction on the Postman et al. (1992) sample of 
Abell clusters, Efstathiou et al. (1992). The de- projection techniques they use have not 
been without criticism, however, e.g. Dekel et al. (1989). 
It is possible to circumnavigate the Sutherland effect in optically selected cluster 
samples by selecting clusters with more rigorous criteria than Abell. Both the Nichol et 
al. (1992) and Dalton et al. (1992) samples (III & IV) employed smaller counting radii 
than Abell, in order to reduce the problems associated with overlapping clusters. Nichol 
(1992) states that, by choosing a selection radius of 1.0 h -1 Mpc for EDCC clusters over 
the Abell radius (1.5 h -1 Mpc), the number of overlapping clusters is reduced from 30% 
to 8 %. This is illustrated by the fact that the digitised correlation functions are much 
more isotropic in o, it space than Figure 1.2. However, even these improved samples are 
not spared from the second variety of projection effects, that of phantom clusters. The 
only way to weed out phantom clusters from a sample is to take multiple galaxy spectra 
in the direction of the cluster candidate. (A real cluster will contain tens or hundreds of 
galaxies at the same redshift, whereas the galaxies around a phantom cluster will have 
a broad redshift range.) The detailed spectroscopic followup by Nichol et al. (1992) has 
shown that 10% of EDCC clusters are in fact phantom projections. 
Alternatively it is possible to remove both types of projection effects by selecting the 
cluster sample via the intense X -ray emission in the cluster core. The X -ray properties 
of clusters are described in § 2.1.2, but for now let us concentrate on the following salient 
features; 
1) Clusters are highly luminous in X -ray emission, LX 1043 -> 1045 erg s -1, and can 
be detected in X -rays to z ^ 1, Castander et al. (1994) & Nichol et al. (1994b). 
2) The hot gas that is responsible for the emission is in hydrostatic equilibrium with the 
gravitational potential well of the cluster. 
3) The X -ray emission is highly peaked towards the cluster core, with core radii of the 
X -ray emission varying between 0.1 - 0.9 h -1 Mpc, Jones & Forman (1984). 
From point 2), it is possible to confirm the presence of a three dimensional potential well 
from an X -ray detection of the intracluster gas. Thus the problem of phantom clusters 
is solved without having to take multiple galaxy spectra. The Sutherland effect does not 
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affect an X -ray selected sample because the core radii of the X -ray emission is smaller 
than the Abell radius. This has been shown to be true by Nichol et al. (1994a, sample 
II). Their correlation function has roughly symmetrical contours of cc (o-, 7r), indicating 
that it is possible to weed out projection effects in the Abell catalogue by imposing an 
X -ray selection criterian A final advantage of X -ray selection is that the comparison 
between observations and theoretical predictions is simpler for an X -ray selected sample 
of clusters than it is for an optically selected sample, Frenk et al. (1990). This is because 
there is a tighter relationship between the X -ray luminosity, Lx, and the cluster mass 
(via the cluster temperature, T; see David et al. 1993, for Lx to T relation) than there 
is between galaxy richness and cluster mass. 
Despite these obvious advantages, previous studies of cluster large -scale structure 
have been the preserve, almost exclusively, of optically selected samples. The exceptions 
being the work by Lahav et al. (1989, sample V) and Nichol et al. (1994a). These two 
works are very important because they show that a) X -ray clusters cluster in the same 
way as optical clusters i.e. the correlation has a consistent power law form and b) (from 
sample II) that the differences between digitised clusters and raw Abell clusters have 
their origin in projection effects and not in a richness dependent correlation function. 
However, both of these studies have problems, the most important of which being that 
they include so few clusters. In addition the Lahav et al. sample is selected from a 
medley of satellite surveys which results in ambiguous completeness and homogeneity. 
The Nichol et al. sample has the advantage of being selected from only one survey, 
however, it is still biased by the intrinsic problems (especially incompleteness) of the 
Abell catalogue. 
1.4 Summary 
As the previous sections should have made clear, there is a real need for a new deter- 
mination of Ecc using a large, representative sample of X -ray clusters that is wholly 
independent of the Abell catalogue. With such a sample it will be possible to probe 
present epoch large -scale structure in a fashion that transcends the problems of optical 
cluster samples. With the launch of ROSAT satellite in 1990 this goal is now possible 
to achieve. ROSAT performed the first all -sky survey with an imaging X -ray telescope 
and allows, for the first time, the development of homogeneous samples of X -ray clusters 
that are equivalent in size to the optical cluster catalogues. 
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The SGP RASS Cluster Project 
The rest of this thesis describes the current status of the SGP RASS Cluster Project. 
This is an international collaboration that was set up to identify, and obtain redshifts for, 
all ROSAT All -Sky Survey (RASS ) cluster sources in a 2800° region centered on the 
SGP. The institutions involved are the Royal Observatory Edinburgh, the Max Planck 
Institut für Extraterrestrische Physik in Gärching and the Naval Research Laboratory 
in Washington D.C. The primary scientific aim of this project was to study large -scale 
structure and measure Ecc from the largest and most homogeneous sample of X -ray 
clusters to date. The following chapters describe the development of that sample, the 
measurement of Ecc from it and finally how that measurement can help us understand 
the process of structure formation. 
Chapter 2 
Selection of SGP RASS Cluster 
Candidates 
This chapter describes the sources of information and the methods used to construct 
a flux -limited list of ROSAT All -Sky Survey (RASS ) cluster candidates from a 28000° 
region around the South Galactic Pole. The selection procedure draws on X -ray informa - 
tion from the RASS , §2.1, and on digitised optical information from the COSMOS /UKST 
Object Catalogue,§ 2.2. 
2.1 The ROSAT All -Sky Survey 
As X -rays are absorbed by the earths atmosphere, the development of cluster X -ray 
astronomy has followed that of X -ray instrumentation and satellite technology. (The 
earliest, confirmed, cluster detections were made in the early 1970's using the UHURU 
satellite, Gursky et al. 1971.) The launch of the ROSAT 1 satellite on June 1st 1990 
marked a landmark in that development. The goals of the ROSAT mission were to a) 
complete an all -sky survey with which to detect sources to a positional accuracy of 
0.5' and provide broad -band spectra at X -ray (0.07 -y 2.4 keV, a = 100 --> 5 k) 
and XUV (a < 60k) wavelengths and b) study selected sources in more detail using 
pointing observations. The RASS (completed in August 1992) constitutes the first all-sky 
survey with an imaging X -ray telescope. The last all -sky X -ray survey, performed by the 
HEAO I satellite, featured position determination and sensitivity that were, respectively, 
3 and 2 orders of magnitude worse than the ROSAT survey, Voges (1992). The improved 
sensitivity of the RASS means that -' 50000 sources have been detected across the sky, 
compared to 842 detected during the HEAO I survey. The process of RASS source 
classification, as stars, AGN , clusters etc. , is several years from completion. However, 
pre -launch predictions, § 2.1.3, suggest that several thousand clusters will have been 
'ROSAT is an acronym for the German word Röntgensatellit. 
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detected, thus increasing the number of known X -ray clusters by an order of magnitude. 
hi this section we describe the instruments used during the ROSAT All -Sky Survey 
(RASS ), the processes of RASS data reduction, § 2.1.1, and the expectations for cluster 
detection in the RASS , § 2.1.3. We also introduce the salient features of cluster X -ray 
emission, § 2.1.2. 
The X -ray telescope (XRT) on board ROSAT consists of the X -ray Mirror Assembly, 
the PSPC and the High Resolution Imager (HRI). The XRT is a grazing incidence four- 
fold nested Wolter type I configuration (Aschenbach 1988). The mirror shells are made 
out of a glass ceramic coated with a thin gold layer in order to increase X -ray reflectivity. 
One of the design advantages of the ROSAT mirror assembly is that scattering of X- 
rays by microroughness of the reflecting surfaces is negligible. The field of view of the 
telescope is 2° in diameter and the geometric collecting area is 1141 cm2. (The effective 
collecting area is a decreasing function of energy and off axis angle.) The telescope point 
spread function is 4.8" FWHM on -axis, increasing with off axis angle to several arc 
minutes. (Where the quoted values have been taken from the UK ROSAT Announcement 
of Opportunity: A02 1991.) 
The PSPC (Briel & Pfeffermann 1986) was used in conjunction with the XRT during 
the RASS . The PSPC consists of two identical proportional counters with a cathode grid 
readout scheme for position determination. X -rays penetrate into the counter volume 
through a 8 cm diameter polypropylene entrance window. The entrance window is 
supported by radial struts and a grid system and is additionally coated with carbon 
and lexan to decrease UV transmission. The average transmission of the window is 79% 
except in those regions blocked by struts. The PSPC is filled with a low pressure mixture 
of argon, methane and xenon. The field of view of the PSPC, like that of the XRT, is 
2 °. The gas has an almost 100% absorption efficiency for X -ray photons less than 2 keV 
in energy. The carbon coating means that the entrance window is basically opaque at 
energies just above the carbon edge at 0.28 keV. 
The energy resolution is given by 
E 
` 0.43 (0 93) 
-0.5 
(2.1) 
(FWHM). At 0.93 keV the position resolution of XRT+PSPC ti 25 ", which is achieved 
through a combination of a 0.5 mm spaced cathode grid wires and a sophisticated position 
determination procedure. The angular resolution is only a weak function of energy, 
however, it deteriorates rapidly with increasing off -axis angle due to the off axis blur 
of the XRT. Particle background in the PSPC is very low, an anticoincidence counter 
rejects ti 99% of background events, with a resulting background of only 2.5 X 10 -5 
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counts s -1 arcmin -2. (The three main background components are; scattered solar X- 
rays, high- energy charged particles and cosmic X -rays, Plucinsky et al. 1993, Snowden 
& Freyberg 1993, Snowden et al. 1992.) 
The RASS was built up from scans in great circles through the ecliptic poles in the 
plane perpendicular to the earth -sun axis. With a PSPC -}-XRT field of view of 2° and 
a nominal survey rate of 1° per day, a celestial position in the plane of the ecliptic 
was visible for approximately two days. Due to the scanning method, the highest total 
exposure times, approximately 50,000 seconds was reached at the ecliptic poles, with 
the exposure decreasing gradually to 400 seconds at the ecliptic equator. During the 
penetration of the radiation belts around the magnetic poles and in the South Atlantic 
Anomaly the X -ray detector had to be switched off to prevent damage from a high flux 
of local charged particles. This has had the effect of decreasing the exposure over parts 
of the sky. 
2.1.1 RASS Data Analysis 
The data from the all-sky survey is processed at MPE by the ROSAT Standard Analysis 
Software System (SASS, Voges et al. 1992). For the purposes of SASS source detection 
and parameterization, the survey photon data are first collected into great circle strips 2° 
wide. The detection algorithm combines several complementary source detections tech- 
niques working on the raw photon data as well as on coarsely binned (1.6' x 1.6') images 
of the strips, Cruddace et al. (1991). The first step is a local detection (LDETECT) 
using square sliding windows. The window is moved across a binned representation of 
the raw data marking positions where the count rate in the central part of the window 
exceeds the value expected from the background - which is determined in the outermost 
regions of the window. The threshold for detection is set to a signal-to -noise value of 
8. To account for extended sources, the process is repeated up to 4 times with different 
pixel sizes; 1.6', 3, 2', 4.8', 6.4'. The window size consists of 5 X 5 pixels in each case. 
LDETECT has the inherent disadvantage that artificial parameters, such as bin sizes, 
window sizes and window geometries, will effect the decision as to whether a source 
detection is significant or not. This flaw is partially overcome by an additional detection 
algorithm called MDETECT ( "map- detect "). This removes the LDETECT sources from 
the photon data and then computes a global background from a two - dimensional spline 
fit to the remainder. The sliding window procedure is then repeated using 3 x 3 pixels, 
whereby source counts inside the window are compared to the global background. Again 
a threshold of source detection is a signal-to -noise value of 8. 
The final stage of the SASS processing is the determination of the best -fitting source 
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positions and fluxes using a maximum -likelihood (ML) routine. This analyses the 
raw, un- binned, photon data around each candidate source position flagged by either 
LDETECT or MDETECT. Only ti 15% of the candidates, those with a ML detection 
likelihood > 10, are retained in the source list after the ML analysis. This likelihood 
threshold was chosen to limit the number of spurious detections to < 10 %, Cruddace et 
al. (1991). For each RASS source accepted by ML, the following properties were calcu- 
lated; 
The source position in celestial coordinates 
The exposure time 
The source and local background count rates 
The detection likelihood 
The hardness ratio (HR), which is defined as the difference between the hard 
(0.4 - 2.4 keV) and the soft counts (0.07 - 0.4 keV), divided by the total counts 
(0.07- 2.4keV). (The hard and soft bands are divide by the carbon edge mentioned 
in §2.1) 
The source extent and the corresponding likelihood, which are determined by fitting 
Gaussian profiles to the surface brightness and making a comparison to the point 
spread function. 
The source information in each 2° strip is stored in Master Source Lists (MASOL 
files). Each source is given a unique, 7 digit identification number. These " MASOL 
numbers" are used throughout this thesis to refer to specific RASS sources, e.g. in ta- 
ble A.2 where the SGP RASS cluster candidates are listed. These MASOL numbers can 
be understood in the following manner; the first 3 digits refer to the RASS strip (1 -90) in 
which the detection was made, the fourth digit indicates the quadrant of the detection 
and the last three digits identify the specific source in that quadrant. For example, the 
first source in table A.2 is 0011003, which is the third source detected in quadrant 1 of 
strip 1. The strip number is related to right ascension (a) in the following way; 
In quadrants 2 & 3: a = strip no. X 4, 
In quadrants 1 & 4: a = strip no. x 2. 
Notice in table A.2 that a) the southern quadrants (3 & 4) are most commonly featured 
and b) any candidates with strip numbers `104', `105', `106' or `122' differ from those 
numbered `004', `005', `006' or `022' only in that they were processed by different ver- 
sions of the SASS software. Note that the MASOL numbers will soon be abolished by 
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MPE, and replaced by source names that intrinsically include coordinate information. 
However, they are retained in this thesis for ease of cross referencing. 
To date, the whole ROSAT survey has been processed once. SASS I, as this first 
processing run is known, has resulted in 49441 source detections, Ebeling et al. (1992). 
Detection of sources at the very edges of survey strips (a few % of the sky) is inhibited by 
SASS I. In the near future a re- analysis, SASS II, will take place in which the photons will 
be binned into smaller, slightly overlapping, fields allowing a 100% detection capability. 
The exposure of such fields will increase with ecliptic latitude, which will reduce the 
effective flux limit of the survey. Therefore, more sources will be identified by SASS II 
than by SASS I. 
2.1.2 Cluster X -ray Properties 
We present below a brief overview of the X -ray properties of clusters that are relevant 
to their detection and parameterization in the RASS , for a comprehensive review see 
Sarazin (1988). 
Clusters are among the most luminous X -ray sources in the sky, LX - 1043 ---r 
1045 erg s -1. Observations have shown that they are filled with a hot, diffuse intracluster 
plasma consisting of mostly ionized hydrogen and helium. Typical values are 2 S T 
10 keV, n 10 -4 - 10 -2 cm -3 and a 0.3 x solar heavy metal abundance (David et 
al. 1993, Sarazin 1992, Mushotzky 1992). The gas mass is typically Mgas N 1014M® 
which is approximately 2 -> 10 times that in the galaxies, and accounts for ti 10% -> 20% 
of the total mass. The gas was, probably, heated by infall and compression when it was 
first introduced into the cluster, Sarazin (1988). The gas is so rarified that it will not cool 
down after entering the cluster, except in the cores of some clusters where the density 
is high enough for the cooling time to be shorter than the Hubble time. Except in these 
cool cores, the gas is observed to be isothermal, e.g. Mushotzky 1994. The thermal 
energy of the gas is approximately equal to the gravitational potential, 0, 
3kBT9 -q (2.2) 
2/imp 
where Tg is the gas temperature, imp is the mean particle mass of the gas, Sarazin 
(1988). 
The dominant emission process in the gas is thermal bremsstrahlung radiation, or 
free -free emission. For a gas temperature containing ions of charge Z, the emissivity (en- 
ergy emitted per unit time, frequency and volume) at frequency v is given approximately 
by, 
EU oc Tg-112 Z2neniexp(-hv/kBTg), (2.3) 
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where ne and n; are the electron and ion number densities respectively, Ebeling (1994). 
The exact relation contains corrections for quantum mechanical effects, but from equa- 
tion 2.3 we can see that, for a fixed gas temperature, the emissivity will be close to an 
exponential of the frequency, v. Figure 2.1 is a reproduction of Figure 1 in Mushotzky 
(1992) and shows theoretical cluster X -ray emission as a function of energy for three 
different gas temperatures. Despite the wide variation of cluster X -ray spectra with gas 
temperature seen in this figure, the response of the PSPC to cluster emission is essen- 
tially independent of the gas temperature due to its limited spectral coverage. This 
is demonstrated in Figure 2.2, which shows predicted cluster spectra for various gas 
temperatures. 
Figure 2.3 demonstrates the spatial distribution of cluster X -ray emission. It is a 
reproduction of Figure 1 in Burns et al. (1994) and shows a high quality ROSAT PSPC 
pointing observation of the Coma cluster (z = 0.023). There are two prominent features 
to note from this figure; (1) the almost circular contours in the main body of the cluster, 
which suggest that the cluster core is relaxed and (2) the protrusion in X -ray emission 
to the south west of the cluster centre which suggest that the cluster is in the process 
of a merger with the NGC 4839 galaxy group. These features, relaxed core and some 
degree of sub - clustering, are typical of X -ray clusters. The X -ray emission in Coma 
cluster has been observed, White et al. (1993a), to extend out to 2.5 h -1 Mpc. The 
surface brightness, Ix (r), in the Coma cluster core, r á 0.5 h -1 Mpc, is well fitted by 
the traditional King approximation to a self -gravitating isothermal sphere', 
(i)] 
2 - 30 +1/2 
Ix(r) a 1+ (2.4) 
where re is the core radius of the galaxy distribution, fi N 1 represents the ratio of the 




where cry is the galaxy velocity dispersion. The Coma cluster is uncommon among bright, 
rich clusters in that it does not have a cooling flow at its centre, see e.g. Edge & Stewart 
(1991). (In cooling flow clusters the surface brightness profile is even more centrally 
peaked.) 
2.1.3 Expectations for Cluster Detection 
Prior to the satellite launch, several groups attempted to make realistic predictions of the 
cluster detection statistics for the ROSAT All -Sky Survey, e.g. Evrard & Henry (1991) 
2See Bahcall & Lubin (1994) for a recent re- derivation of this profile. 




Figure 2.1: The predicted 0.3 -10 keV emission from the intracluster gas at kBT = 1 keV 
(top), 2 keV (middle) and 6 keV (bottom). Notice the strong changes in the spectrum 
as a function of temperature. (Reproduction of Figure 1 in Mushotzky 1992) 
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Figure 2.2: Projected PSPC cluster spectra for four different intracluster gas tempera- 
tures; (a) 1 X 107K, (b) 3 X 10 -7K, (c) 1 x 108K. (Reproduction of Figure 2 of Bóhringer 
et al. 1992) 
ô o o 
z 








I I I 
13 02 01 00 12 59 58 57 
RIGHT ASCENSION (J2000) 
56 
Figure 2.3: ROSAT PSPC X -ray image of the Coma cluster and NGC 4839 group. 
(Reproduction of Figure 1 in Burns et al. 1994.) 
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and Cruddace et al. (1991). These predictions involved many assumptions regarding 
the intrinsic distribution of clusters, the nature of the intracluster medium and the 
response of the ROSAT instruments. For example, to determine the distribution of 
fluxes received by the PSPC from clusters, one needs to assume a form for the cluster 
luminosity function. (The 0.1 - 2.4 keV flux is related3 to its luminosity in that band 
by, 
Lx = 47rFD2, (2.6) 
where D is the luminosity distance to the object, equation 1.4.) Cruddace et al. (1991) 
adopted the luminosity function derived by Kowalski et al. (1984) and assumed evolution 
effects to be negligible. The Kowalski et al. result was based on the HEAO I observation 
of 202 Abell clusters and has the form, 
n(dLx) = 1.16 x 10-7exp I -L 1 L1's, \ 8.2 / (2.7) 
where LX is in units of 1044 erg s -1 (2 - 10 keV) and n(dLX) is in units of h -1 Mpc -3. 
Conversely, Evrard & Henry used theoretical models, normalized to EINSTEIN and 
EXOSAT observations (Edge et al. 1990 & Gioia et al. 1990), that incorporated evo- 
lutionary effects. The general consensus was that several thousands of clusters would 
be detected in the survey, constituting N 10 -* 15% of all RASS sources, and that the 
redshift range of these detections will extend to z = 0.5 in the main survey and z = 1.0 
in the ecliptic pole regions. The flux limit of the cluster detection was estimated by both 
groups to be 1 x 10 -12 erg s -1 cm' over most of the sky and 1 x 10"13 erg s -1 cm-2 
near the ecliptic poles. 
Temperature determinations and spatial mapping of clusters detected in the RASS will 
only be possible for the very nearest and brightest objects, e.g. the Perseus and Virgo 
clusters ( Böhringer et al. 1992). As stated in Henry (1992), approximately 5000 photons 
are required to make a cluster X -ray image like that shown in Figure 2.3. By con- 
trast the majority of RASS clusters will feature only 20 - 500 photons. (This prediction 
is based on typical count rates of 0.05 --> 1 s -1 and average RASS exposure times of 
texp = 430 + 130 s in the north and texp = 324 + 118 s in the south.) However, even 
with this limited number of photons, it is possible to utilize the energy discrimination 
of the PSPC detector to differentiate between the soft emission from stellar sources and 
the Galactic background and the hard emission from clusters of galaxies, Böhringer et 
al. (1992). This feature was exploited during the construction of an all -sky sample of 
492 Abell RASS clusters by Ebeling et al. (1992). 
31n practice Hydrogen column densities need to be taken into account, see § 2.4.1. 
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Figure 2.4: Cumulative number counts as a function of angular X -ray to optical source 
separation before (top) and after (bottom) background subtraction for six subsamples 
of the Abell catalogues. The subscripts `p' and `r' indicate the curves derived from 
correlations with the poor and rich samples respectively. (Reproduction of Figure 2 in 
Ebeling et al. 1992.) 
Ebeling et al. (1992) identified X -ray bright Abell clusters by correlating the positions 
of clusters in the Abell & ACO catalogues with ROSAT all -sky survey source positions. 
This analysis was performed separately on the 2712 Abell (1958) clusters, 1364 ACO 
clusters and the 1174 southern "supplementarys4 clusters. These three samples were 
further sub -divided into rich (RC > 1) and poor (RC < 0 ) clusters. The source 
positions and descriptions were generated by SASS I, § 2.1. 
Figure 2.4 is a reproduction of Figure 2 of Ebeling et al. and shows the cumulative 
number counts N(< s) for the six cluster samples as a function of angular distance s 
between optical and X -ray source position. The top half of the figure shows the raw 
distributions while the bottom plots depict the same data corrected for a contaminating 
background of chance coincidences obtained from a quadratic least squares fit in the 
20' - 50' range of the distribution. The horizontal dotted line on each of the lower plots 
indicates the total number of true coincidences between the two data sets. Ebeling et 
al. (1992) go on to extend the analysis to a spatial separation analysis, based on esti- 
mated redshifts and spectroscopic redshifts for the Abell clusters. They conclude that, 
4These clusters were discovered by ACO on the UKST plates but were considered too poor or too 
distant to be included in the main catalogue. 
Chapter 2: Selection of SGP RASS Cluster Candidates 32 
to a flux limit of 7 x 10 -13 erg s -1 cm -2, 18% of Abell clusters (both catalogues) and 
9% of supplementary clusters are X -ray emitters. After analysing the X -ray proper- 
ties of the identified Abell clusters and comparing them to the generals population of 
RASS sources, they made the following observations; 
1) RASS sources identified with rich Abell clusters are more likely to be extended than 
the general population; 47% of selected Abell clusters feature a SASS extent of at least 
30 ", compared to only 8% of the sources in the general population. Figure 2.5, a repro- 
duction of Ebeling et al. (1992) Figure 7, illustrates this point. 
2) RASS sources identified with rich Abell clusters are likely to be spectrally harder than 
sources in the general population; more than 7% of the Abell cluster sample. 
These findings show that it would be impossible to identify all the cluster detections 
in the RASS on the basis of their X -ray properties alone and that additional information 
must be brought to bear. For the SGP RASS Cluster Project we turned to a digitised 
optical catalogue, described in §2.2, to provide this additional information. 
2.2 The COSMOS /UKST Object Catalogue 
The identification of the 49441 sources in the RASS relies heavily on digitised object 
catalogues. The COSMOS /UKST Object Catalogue (CUOC) is used for southern hemi- 
sphere identifications and is the fundamental tool employed in this thesis for the selection 
of cluster candidates in the SGP region. The catalog contains ti 500 million objects, com- 
prising 11% galaxies, 52% stars and 37% unclassified faint objects, Yentis et al. (1990). 
(The northern identifications are provided jointly by STScI from digitisation of POSS -II 
plates and by Cambridge University from APM digitised POSS -I plates.) 
2.2.1 The UKST Photographic Survey 
The UK Schmidt telescope (UKST) at Siding Springs in Australia was commissioned 
in late 1973 to carry out a systematic photographic survey of the southern hemisphere. 
The 1.8m UKST has an unvignetted field radius of 2.7 °, which makes it ideal for the 
construction of such a large -area survey. The plates used subtend an area of 6.4° x 6.4° 
on the sky with a plate scale of 67 arc seconds mm -1. To compensate for the heavy 
vignetting at the plate edges, the centers of the plates are separated by 5 °. The survey 
plates were taken using a strict set of criteria to minimize systematic errors and to ensure 
repeatability, Cannon et al. (1978). The passband of the SERC J survey is defined by the 
response of the emulsion (Kodak IIIa -J) combined with a Schott filter. This provides an 
5Sources that did not have a counterpart in the Abell catalogues. 
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Figure 2.5: X -ray extent likelihood versus extent distribution for the Abell clusters (filled 
circles) and general source population (open diamonds). (Reproduction of Figure 7 in 
Ebeling et al. 1992.) 
almost uniform sensitivity in the wavelength range 3500Ato 5400A. Image magnitudes 
on the plates are referred to as bi magnitudes. 
2.2.2 Plate Digitisation 
The CUOC has been constructed from the digitisation of 815 (IIIa -J) plates of the UKST 
survey by the COSMOS machine at the Royal Observatory Edinburgh. COSMOS is a 
high -speed flying spot microdensitometer, specifically designed and constructed for the 
scanning of astronomical photographic plates. A COSMOS scan covers an area of 5.4 x5.4 
of each UKST field. For the CUOC, the resolution of the digitisation was set to 1" per 
pixel. For each pixel, an intensity value was calculated by comparing the transmitted 
beam brightness with a reference signal (MacGillivray & Stobie 1984). After scanning, 
the pixel data were passed into the COSMOS image analyzer (Thanisch et al. 1984) 
which connects all the adjacent pixels producing a final set of objects for each plate. 
Each object was assigned 18 individual image parameters, such as the image magnitude, 
position and orientation. The magnitudes are returned as isophotal magnitudes, relative 
to the background magnitude of the plate. 
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2.2.3 Catalog Development 
For the CUOC, the COSMOS scans were further analysed using the deblending software 
designed by Beard et al. (1990). This involved re- thresholding each image in intensity 
space to search for saddle- points. If such saddle- points were found, the separate peaks 
were fitted by a Gaussian and split into their daughter images. The deblending was 
able to distinguish faint star -star pairs, which might otherwise mimic galaxies, and to 
separate individual galaxies in the cores of clusters. 
A typical Schmidt plate contains 2 x 105 objects, of which the majority are stars. 
Therefore, star - galaxy separation is a very important part of the CUOC. The star - galaxy 
separation in the CUOC is estimated to be successful for > 95% of the galaxies and for 
99% of the stars, to magnitude limit of bj = 21.0. These estimates are based on tests 
performed on the EDSGC (Heydon -Dumbleton et al. 1989, § 1.3.1). Equivalent statistics 
are not presently available for the CUOC itself. The COSMOS magnitudes need to be 
calibrated by external photometry, which is done separately for galaxies and stars. For 
the galaxies, CCD sequences were used. For stars, a direct calibration was obtained from 
the HST Guide Star Photometric catalog using extrapolation to extend the calibration 
to the fainter stars. 
Several finding charts produced from the CUOC are shown in appendix C. These 
finding charts are centered on the positions of RASS sources that were flagged as potential 
clusters by the methods described in § 2.3.2. 
2.2.4 The ROE /NRL Catalogue of "Clusters" 
The possibility of large area cluster catalogues was one of the underlying scientific moti- 
vations behind the construction of the CUOC. Inspired by the scientific successes of the 
APM and EDCC digitised cluster catalogues, § 1.3.1, an ambitious project was under- 
taken jointly by ROE and NRL4to formulate a digitised cluster catalogue covering the 
whole southern sky from the galaxy data in the CUOC. The cluster finding algorithm 
for the ROE /NRL catalogue comprised of two distinct routines, `binning' and 'perco- 
lation'. The binning technique detected galaxy density enhancements above the back- 
ground (Dodd & MacGillivray 1986), while the percolation technique assembled groups 
of nearest neighbour galaxies. Multiple detections of a single cluster were screened using 
geometric and photometric criteria. For each entry an Abell -type analysis, § 1.3.1, was 
performed. 
The resulting catalogue contains . 67, 000 entries, many of which are artifacts of 
the two -dimensional selection technique. (In fact most entries correspond to sparsely 
populated groups with N9Q1 < 10.) Gursky et al. (1992) found that 90% of the southern 
E NctUa) R_CSearrlln Laborcabru, WaS to' ci{bR P.C. 
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Abell clusters are present in the ROE /NRL catalogue, demonstrating that the catalogue 
it is fairly complete for rich clusters. The ROE /NRL catalogue constitutes an invaluable 
tool in identification and classification of clusters in the RASS . It allows the optical 
properties of RASS detected clusters to be readily accessed over the whole Southern Sky, 
without having to resort to the Abell catalogues. In the SGP RASS Cluster Project we 
have used the ROE /NRL catalogue to identify clusters in the RASS , § 2.3.2. 
2.3 Cluster Candidate Selection 
2.3.1 The SGP Region 
For the SGP RASS Cluster Project, we aimed to make comprehensive cluster identifica- 
tions in an area of the RASS surrounding the South Galactic Pole. This region, referred 
to in future as the "SGP region ", is bounded by the coordinates; 22hr a S 3hr 20m, 
-50° S S 2 °, covers some 28000° and contains a total of 4199 SASS detected sources, 
figure 2.6. Table 2.1 lists the Schmidt plate fields and the SASS I survey strips that fall 
within its boundaries. The SGP region was chosen for our study of cluster large -scale 
structure for several reasons, including; 
1. Low Galactic extinction 
The extinction of extra -galactic radiations by interstellar matter in the Milky Way 
is at a minimum in the regions around the Galactic poles. The range in galactic 
latitude in our survey region is -40 < b < -90. The possible effects of galactic 
extinction in the SGP region are discussed in more detail in § 2.4.3 
2. Existing optical galaxy and cluster surveys 
The availability of digitised galaxy maps in the SGP region has meant that this 
region has been extensively studied with regard to galaxy and cluster large -scale 
structure, e.g. Maddox et al. (1990) & Nichol et al. (1992). Thus it is possible to 
make direct comparisons between the clustering properties of X -ray and optical 
clusters. Previous redshift surveys in this region also provide a valuable resource 
of published cluster redshift measurements. 
2.3.2 Selection of SGP RASS Cluster Candidates 
The SASS I processing, § 2.1.1, has identified 4928 sources within the boundaries of the 
SGP region. A large fraction of these sources are actually multiple SASS "detections" of a 
single X -ray object, due to the fact that adjacent SASS 2° strips overlap. These multiple 
entries have been removed using the prescription determined by Ebeling (1994). Ebeling 
Chapter 2: Selection of SGP RASS Cluster Candidates 36 
Figure 2.6: The SGP region (221r S a 3hr 20m, -50° S S S 2 °) is highlighted in grey 
on an all sky, equal area, map. 
Chapter 2: Selection of SGP RASS Cluster Candidates 37 
Schmidt Plate numbers 
193 -200 237 -249 288 -301 
344 -358 404 -518 466 -482 
532 -548 601 -618 672 -690 
744 -762 816 -834 888 -894 
SASS I survey strip numbers 
1 -22 68 -90 
Table 2.1: The SERC UK -IIIJ Schmidt plates and SASS I survey strips that overlap the 
SGP region. 
has shown that when two SASS sources lie on different 2° strips, but are separated by 
Ap < 3', then they are likely to represent a multiple SASS detection of a single X -ray 
source on the sky. There are 809 pairs of sources like this in the SGP region. In each 
case, the source detection with worst photon statistics was removed from the source list, 
thus leaving a total of 4199 sources. Only 10 -15% of these 4199 sources will be X -ray 
clusters, § 2.1.3. The methods by which high likelihood cluster candidates were drawn 
from the raw source list are described below. Briefly, sources that met the last and at 
least one other of the following criteria were included in the candidate list; 
1. A measured SASS 
2. A CSEARCH contamination value < 15 %. 
3. A > 85% probability of being associated with a ROE /NRL optical cluster. 
4. A hardness ratio greater than HR + S(HR) = 0 
By these methods, and with no flux limit applied, the raw source list was cut down to 
486 cluster candidates. (The construction of flux -limited candidate lists is described in 
§ 2.4.2.) 
1) Extended Clusters 
As shown by Ebeling et al. (1992, § 2.1.3), Abell clusters detected in the RASS tend 
to show extended emission whereas the general population of RASS sources do not. 
Assuming that the X -ray properties of Abell clusters are representative of those for all 
X -ray clusters, we decided to include all 293 SGP RASS sources that showed evidence for 
extended emission, i.e. SASS extent> 0 ", in the cluster candidate list. Identifying RASS 
clusters by extent criteria results in a truly "X -ray selected" candidate list. Clusters 
constitute the only variety of X -ray source that will be extended beyond the PSPC PSF 
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at recession velocities greater than 2000kms -1. Therefore, an extent selected sample 
should be essentially free from contamination from other sources. (At redshifts less than 
this, X -ray emission from galaxies may be spatially resolved.) 
We can make a rough estimate of the percentage of SGP RASS clusters that will 
be picked out by this method using the results in Cruddace et al. (1991) & Ebeling et 
al. (1992), § 2.1.3. Cruddace et al. (1991) find that only 20 - 40% of the clusters in their 
simulation would be flagged as extended by the SASS detection algorithms. Ebeling 
et al. (1992) estimate that 53% of RASS sources associated with Abell clusters are not 
extended beyond 30 ", figure 2.5. These results should be treated with some caution 
because; a) the Abell catalogue does not include all X -ray clusters, § 4.4.3, b) not all Abell 
clusters are actually physical, § 1.3.2 and c) the Cruddace et al. (1991) simulations did 
not include X -ray cluster evolution. However, despite their short comings, these results 
from Ebeling et al. (1992) & Cruddace et al. (1999) . do suggest that a complete set of 
cluster candidates cannot be derived using extent criteria alone. We cautiously conclude 
that one can expect to pick out between between 40% and 60% of all the clusters detected 
in the RASS using extent criteria alone. We hope to be able to identify the remaining 
clusters using two alternative methods, CSEARCH and a separation analysis with the 
ROE /NRL cluster catalogue, which are described below. 
2) The CSEARCH algorithm 
The CSEARCH 6 algorithm was designed to detect galaxy enhancements in the CUOC 
around ROSAT source positions. It is a simple routine that identifies RASS source po- 
sitions that are embedded in regions of high projected galaxy density. To account for 
local fluctuations and for plate -to -plate variation, the background galaxy density is de- 
termined for each individual Schmidt plate. To this end, galaxy counts are made at 1000 
random positions on each plate in five circular detect cells with radii of 1.0, 3.0, 5.0, 7.5 
& 10 arc minutes. The distribution of galaxy counts in each cell can then be used to 
determine the probability of finding more than Ngai galaxies in that cell on that plate. 
Galaxy counts were then made in the same 5 detect cells, this time centered on the 
positions of each of the 4199 RASS sources in the SGP region. (If a source position lay in 
an overlap region between two Schmidt plates, these counts were performed on each of 
the plates.) For each of the values of Ngai measured around SGP RASS positions, there 
is an associated probability that the galaxy count is due to a statistical fluctuation in the 
background density. If this probability was less than 15% in any of the cells surrounding a 
certain RASS source position, then that source was flagged as an X -ray cluster candidate. 
'Cluster SEARCH 
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In total, 445 RASS sources in the SGP region were flagged as cluster candidates using 
this criteria. The 15% threshold was chosen empirically as a compromise between the 
number of bona fide clusters and the number of contaminating objects in the candidate 
list. This probability threshold can be interpreted as meaning that a CSEARCH selected 
cluster candidate list will suffer from 15% contamination by non -cluster X -ray sources. 
It has been shown statistically that when one sets a contamination threshold of 15 %, the 
CSEARCH candidate list is only 45% complete (Cruddace, private communications.) 
This completeness refers to the fraction of RASS sources statistically associated with 
galaxy enhancements that are included in the CSEARCH cluster candidate list. 
One variety of RASS sources that might be associated with low significance projected 
galaxy enhancements, and hence not included among the 445 CSEARCH selected can- 
didates, are distant clusters. The bulk of the galaxies in distant (z z 0.3) clusters will 
have magnitudes that are fainter than the plate limit, meaning that the projected CUOC 
galaxy density will be only slightly heightened over the background. Therefore, we can 
expect that the completeness of the CSEARCH selected cluster candidate list will be a 
decreasing function of redshift. 
The assumptions that have gone into the development of CSEARCH are as follows; 
1. That X -ray clusters contain galaxies. 
2. That the centres of the cluster X -ray emission and galaxy distribution coincide. 
3. That the projected galaxy core radii of the clusters varies between 1' and 10'. 
4. That errors in the CUOC can be neglected. 
A wealth of literature exists to support the first assumption, e.g. Henry et al. (1994 
Kowalski et al. (1984), Briel & Henry (1993). Regarding the second point, this is a valid 
assumption only if the cluster is relaxed, i.e. when the gas is in thermal equilibrium 
and the galaxies have virialised. For example Ulmer et al. (1992) have found several 
cases of clusters undergoing merging events, where the X -ray and optical centres are 
discrepant (O3ep 10'). The third CSEARCH assumption is a valid approximation. 
However, in the case of very nearby clusters (z 0.03), the CUOC galaxy distributions 
may be too diffuse to be picked out by CSEARCH . Referring to the point 4), the cores of 
clusters are characterised in the CUOC by crowded fields of galaxies. Inadequate object 
deblending in these fields will result in artificially low CSEARCH Ngai values. Among the 
133 SGP RASS candidates that were observed during the spectroscopic followup a few 
(S 10) occurrences of inadequate galaxy -galaxy deblending in the CUOC were uncovered. 
However, we do not believe that errors in the CUOC have an adverse effect on the 
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CSEARCH derived candidate list. In summary, we expect CSEARCH will preferentially 
pick out relaxed clusters. 
The major advantage of CSEARCH is that it operates at the position of every 
RASS source. Thus a list of CSEARCH selected cluster candidates can be described 
as "X -ray selected ". 
3) Separation analysis with the ROE /NRL cluster catalogue 
An angular separation analysis of the type performed by Ebeling et al. (1992), see § 2.1.3 
and figure 2.4, was performed between the positions of the 4199 RASS sources in the SGP 
region and the positions of the optical clusters in the ROE /NRL catalogue. In this anal- 
ysis, a RASS source was flagged as an X -ray cluster candidate if its angular separation 
from one of these optical clusters was O9ep S 7'. In total, 200 SGP RASS sources met 
this criteria. This threshold value was adopted so that the overall contamination from 
background coincidences was less than 15 %. After setting this threshold 70% of the 
RASS sources that are statistically associated with ROE /NRL clusters will be included 
in the candidate list (Ebeling, private communication). The separation analysis has the 
following advantages over CSEARCH ; 
The SGP RASS cluster candidates selected using the separation analysis are a 
provided with a complete optical cluster description from the ROE /NRL catalogue. 
The effects of cluster substructure are reduced, because the assumption of exact 
coincidence between the galaxy and X -ray centres is relaxed. 
The effects of errors in the CUOC are reduced 
Low redshift clusters have an enhanced probability of inclusion in a candidate list. 
The major disadvantage of the separation analysis is that the resulting cluster can- 
didate list is not X -ray selected. It is, instead, an optically selected, X -ray confirmed, 
cluster candidate list. The ROE /NRL cluster catalogue is corrupted by many of the 
selection effects that afflict the Abell catalogues and which have been shown to bias 
measurements of the cluster large -scale structure, § 1.3.2. One might worry that a SGP 
RASS cluster candidate list selected using the ROE /NRL catalogue might contain relics 
of these selection effects. However, as has been shown by Nichol et al. (1994a, § 1.3.1), 
it is possible to remove the effects of selection biases in an optical cluster sample using 
RASS data. 
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4) Hardness Ratio Threshold 
There is considerable overlap between the candidate lists derived from the three methods 
described above. In total 512 of the 4199 SGP RASS sources were flagged as cluster 
candidates. In the interests of reducing contamination in the candidate list, we excluded 
any sources with a negative hardness ratio 1a upper limit, i.e. HR -1- SHR < O. Twenty - 
six of the 512 candidates, i.e. 5% of the total, were excluded on the basis of this criteria. 
The justification for the imposition of a hardness ratio threshold was that clusters, with 
intracluster gas temperatures of T ti 107K, are among the hardest known X -ray sources. 
Ebeling et al. (1992, § 2.1.3) showed that there is a clear differentiation between hardness 
ratios of Abell clusters detected in the RASS and those of the general RASS population. 
Therefore, by imposing a hardness ratio cut, it was possible to filter out some of the 
contaminating sources in our candidate list, without excluding any bona -fide clusters. 
We have checked that the HR cut does not exclude clusters by observing several of the 
HR -+ 6HR < 0 candidates, finding ^ 30% to be stars and ^ 70% to be active galaxies. 
The selection methods of the remaining 486 SGP RASS cluster candidates breaks 
down as follows; 281 (40) were identified by the extent method, 426 (122) by the 
CSEARCH method and 195 (10) by the separation analysis method. The numbers in 
brackets indicate the candidates that were flagged only by that particular method. 
2.3.3 VTP Analysis 
In section § 2.1.1 we described the SASS analysis process that has been used to identify 
and parameterize sources detected in the RASS . The SASS processing was designed to 
be used for a diversity of astronomical studies, e.g. of clusters, stars & AGN, and was 
not optimised for the detection of any particular type of X -ray source. In the case of 
clusters, the SASS assumption of spherically symmetric, Gaussian source profiles is a 
major disadvantage. (Cluster X -ray emission is more accurately modelled by a King 
profile, equation 2.4.) Certain groups working with RASS cluster data have chosen to 
ignore the SASS results and make their own analysis from the raw photon data. For 
example, Briel & Henry (1993) determined RASS count rates for a sample of 145 Abell 
clusters (see § 1.3.1), by fitting source profiles and choosing background annulli by eye. 
An alternative, automated, approach, the Voronoi Tessellation and Percolation (VTP) 
method, has been developed by Ebeling & Wiedenmann (1993). The authors claim that 
VTP is more suited to the detection of extended sources in the RASS and that it provides 
more accurate estimates of source count rates than does SASS. Unlike the SASS analysis, 
VTP does not make a priori judgements about source geometry. In addition, it does not 
sort the raw data into artificial bins, but rather works on the raw data globally, thus 
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being limited only by the resolution of the XRT+PSPC. 
The basic method of VTP, see Ebeling & Wiedenmann (1993) for more details, is as 
follows; 
1. A Voronoi tessellation is computed for the original raw photon data. This involves 
forming cells around each individual photon, so that there are neither gaps nor 
overlaps between adjacent cells. 
2. The cumulative distribution of the cell area is compared to what would be ex- 
pected for a random Poisson distribution and the background photon density is 
determined. 
3. A spatial percolation, "friends -of- friends ", algorithm is run on the individual cells, 
grouping photons exceeding the background density into sources. The algorithm 
searches for close groups of objects in the two - dimensional photon distribution. 
Despite the fact that VTP was not available at MPE when the SGP RASS Cluster 
Project began, it was deemed prudent to incorporate VTP during the latter stages of 
the project. Unfortunately, it has not been possible to re- analyse the whole SGP region 
using VTP and make new source detections, due to the large investment of computing 
time required. Instead, the VTP analysis was performed? in 1.5° x 1.5° regions around 
the positions of the 486 RASS sources flagged as potential cluster candidates by the 
methods described in § 2.3.2. To date, 337 of the 486 SGP RASS cluster candidates 
have available VTP count rate information. 
Figure 2.7 shows a comparison of the count rates determined by the two algorithms 
for these 337 sources. It can be seen from this figure that there is not a simple relation 
between the VTP and SASS count rates and that the count rates can be in disagreement 
by up to a factor of 5. The overall trend is that the VTP count rate is larger than the 
SASS count rate. However, the suitability of the VTP analysis for RASS cluster detection 
and parameterization is still a matter of debate. Therefore, throughout this thesis we 
have used both methods to define cluster candidate count rates and fluxes. 
2.4 Creating Flux - Limited Candidate Lists 
The underlying aim of the SGP RASS Cluster Project was to provide constraints on the- 
ories of large -scale structure formation through measurements of the spatial correlation 
function of X -ray clusters, § 1.4. To this end, it is not possible to simply derive the 
spatial correlation function from a cluster sample containing every cluster detected in 
TAR VTP analysis was performed at MPE by Harald Ebeling. 
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Figure 2.7: Comparison of the VTP and SASS determined count rates for the 337 SGP 
RASS candidates with available VTP information. 
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the RASS . Instead we have to define the cluster sample in such a way that its properties 
are easy to model. Theoretical models that predict the large -scale structure of clusters 
in various cosmological scenarios generally work with volume complete samples of simu- 
lated clusters. However, it has been shown by Mann et al. (1994, § 5.4), that it is possible 
to translate the theoretical predictions of the clustering properties of clusters from vol- 
ume complete samples to X -ray flux -limited samples with comparative ease. From an 
observational point of view, it is much simpler to construct flux -limited cluster samples 
as opposed to volume limited samples. Therefore, for the SGP RASS Cluster Project 
we have decided to concentrate on the former and we describe below, how flux -limited 
samples were constructed from the list of 486 SGP RASS cluster candidates. 
2.4.1 Calculating Source Fluxes 
To be able to deduce accurate RASS source fluxes from PSPC count rates, one needs 
to take into account several factors that include; a) the spectrum of the source, b) the 
variation of telescope effective area with energy, c) the hydrogen column density along 
the line -of -sight and d) inaccuracies in the count rate determination. The count rate to 
flux conversion is, therefore, a non - trivial problem. It has been addressed thoroughly in 
the UK ROSAT Announcement of Opportunity: AO2 (1991, hereafter "AO2 manual"). 
In §10.2 of the AO2 manual, conversion factors are presented for a wide range of X- 
ray spectra and line -of -sight hydrogen column densities. These conversion factors relate 
PSPC count rates to source flux and we have decided to use them to derive fluxes for the 
486 SGP RASS cluster candidates. To do so we have to make the following assumptions; 
1) That all of the 486 candidates are clusters and, therefore, have the same underlying 
X -ray spectrum. By assuming that all the candidates are clusters we will derive inac- 
curate fluxes for the contaminating sources. (The count rate -to -flux conversion factors 
differ between diffuse thermal, e.g. clusters, and power -law, e.g. AGN, X -ray sources.) 
However, as we are only trying to construct a flux -limited list of clusters, the true fluxes 
of the contaminating objects are irrelevant as these objects will be removed from the 
candidate list during the spectroscopic followup. 
2) That the gas temperature in the clusters lies in the range 1 x 107°K to 2 x 108 °K. 
The limited exposure time of the RASS means that there are insufficient source counts 
available with which to fit source spectra. Consequently, we are unable to measure gas 
temperatures for the individual cluster candidates. David et al. (1993) have collated 
temperature information from more than 100 clusters and find the range in intracluster 
gas temperatures to be 1 -14 keV. We have, therefore, assumed that the gas temperatures 
of the clusters in our candidate list fall somewhere in this range. 
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3) The hydrogen column density in the SGP region varies between ti 1 x 1020 cm -2 and 
1 x 1021 cm -2, see § 2.4.3. 
Figure 10.3 in the A02 manual is reproduced in figure 2.8. It shows the ROSAT PSPC 
energy conversion factor (ECF) for thermal line spectra8 with temperature T for various 
values of the absorption column density, NH. The hashed area demonstrates the range 
in NH and T values that are expected for our SGP RASS cluster candidate list. It can be 
seen that ECF is independent of the gas temperature for lo9io(T) > 7.3. Less than 4% 
of the clusters in the David et al. (1993) sample were cooler than this value. Therefore, 
the majority of the clusters in our candidate list will have ECF values in the range 0.42 
to 0.74, where the exact value is dependent on the line -of -sight NH value. 
These ECF values have been calculated under the assumption that the count rate 
derived by the detection algorithm is an accurate description of the PSPC count rate. We 
have seen, § 2.3.3, that it is not clear that the SASS or VTP count rate determinations 
used to describe SGP RASS candidates are accurate. In light of the large uncertainty 
in the source count rates, we decided that a valid simplification was to use a single 
ECF irrespective of the line -of -sight NH. (For the purposes of the SGP RASS Cluster 
Project, relative fluxes are more important than absolute values.) Using the average NH 
column density in the region, 2 x 1020 cm-2 ( §2.4.3), we assumed that the characteristic 
conversion factor for clusters in the SGP region is ECF =0.6. 
2.4.2 Flux -Limited Candidate Lists 
From § 2.4.1, flux -limited samples could be constructed by simply imposing a count 
rate threshold on the list of 486 SGP RASS cluster candidates. The flux limit of the 
sample is then, in units of 10 -11 erg s -1 cm-2, the minimum count rate divided by 0.6. 
As a result of the problems that have emerged concerning the SASS and VTP count 
rate determinations, and the active debate as to which method is more accurate, it was 
decided to present, in this thesis, the cluster candidates that resulted by taking both a 
SASS and a VTP count rate limit. The count rate limits chosen in each case were; 
1. SASS determined count rate greater than 0.07 s -1 
2. VTP determined count rate greater than 0.1 s -1 
It was not originally intended that the SASS and VTP count rates limits should 
differ. When constructing lists of candidates to observe during the spectroscopic follow- 
8The spectra were generated using Raymond -Smith (1977) codes for thermal bremsstrahlung with 
atomic line emission and the metallicity is set to an average value of 0.3 times the solar abundance. 
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Figure 2.8: Reproduction of figure 10.3 in UK ROSAT A02 manual: The ROSAT 
PSPC energy conversion factors that translate flux to PSPC count rate are presented 
for thermal line spectra with temperature T for various values of the absorption column 
density NH in units of 1011 counts cm2 erg -1. The hashed area illustrates the expected 
range of T and NH for clusters in the SGP region. 
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up (chapter 3), the following limits were set; 
For the 1991 and 1992 observing runs, a SASS count rate limit of > 0.1 s -1. 
For the 1993 observing runs, a VTP count rate limit of > 0.1 s -1. 
During these observing runs, we assumed that the flux limit of our candidates lists 
was 1.7 x 10 -12 erg s -1 cm -2, i.e. 0.1/0.6 x 10 -11 erg s -1 cm -2. However, it has since 
transpired that the SASS fluxes available before 1993 contained a systematic error, due 
to incorrect vignetting correction. Figure 2.9 shows the SASS count rates before and 
after this vignetting correction for the 486 SGP RASS cluster candidates. It can be seen 
that the majority of the source count rates were over -estimated. The net effect is that 
several sources with true count rates between 0.07s-1 and 0.1 s -1 were observed during 
the 1991 and 1992 campaigns. We have decided to apply an a posteriori SASS count 
rate on the candidate lists, so that as many clusters as possible could be included in 
the determination of the spatial correlation function. The flux limit for the SASS flux - 
limited candidate lists is, therefore, lower than that for the VTP flux -limited candidate 
lists, i.e. 1.2 x 10- 12 erg s -1 cm -2 
It should be noted that, before the problem with the SASS count rates was recog- 
nised, we honestly believed that 80% of the SASS selected cluster candidates had 
redshift measurements, see § 6.4.1. This completeness value was quoted in a paper, 
Romer et al. 1994, describing the SGP RASS cluster correlation function, which was 
submitted for publication before the vignetting problem came to light. A more realistic 
value for the redshift completeness is 60 %, § 4.6. 
In total, 345 of the SGP RASS cluster candidates have SASS count rates > 0.07s-1 
and /or VTP count rates > 0.1 s -1. For each candidate the MASOL number, defined in 
§ 2.1.1, and J2000 coordinates are listed in columns 1 --> 3 of table A.2. The criteria 
by which each candidate was selected from the RASS are given in columns 4 -* 6. A s 
in column 4 indicates that the candidate had a CSEARCH contamination value < 15% 
(299 cases). Likewise, a e in column 5 indicates that the candidate had a > 85% chance 
of being associated with a ROE /NRL optical cluster (147 cases). Finally, a in column 
6 indicates that the candidate featured a SASS determined extent > 0" (219 cases). In 
columns 7 &8, the type of analysis by which the candidate was included in a flux -limited 
sample, SASS (column 7) or VTP (column 8), are indicated by a . If a certain candidate 
has a SASS count rate > 0.07s-1 and no VTP count rate is available, then a o is placed 
in column 8. For example, MASOL source 0044144 was selected as a potential cluster 
candidate by both CSEARCH and the ROE /NRL separation analysis. VTP information 
is not available for this source but it has a SASS count rate in excess of 0.07s-1. The 
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Figure 2.9: A comparison of the SASS count rates available prior to and after an extra 
vignetting correction was made in 1993. The count rates are plotted for all 486 SGP 
RASS cluster candidates. 
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other columns of table A.2 (9 --> 16) are described in chapter 4 and in the table caption. 
Incompleteness in a VTP Flux- Limited Candidate List 
In § 4.6, we describe various flux -limited SGP RASS cluster samples and provide an 
estimate the incompleteness in each sample. For VTP flux -limited samples, this estimate 
must take into account the that fact only 70% of the SGP RASS cluster candidates have 
available VTP count rates. We have attempted to predict how this fact effects the 
completeness of VTP flux -limited samples for 2 different VTP count rate limits, via the 
following stages; 
1) A binned distribution, Oct,. = 0.05 s -1, of the SASS count rates for the 337 candidates 
with available VTP count rates was constructed (distribution 1). 
2) The same distribution was constructed for the other 142 candidates for which VTP 
information was not available (distribution 2). 
3) From distribution 1; the fraction of candidates in each bin with VTP count rates 
greater than a) 0.1 s -1 and b) 0.2 s -1 were calculated. 
4) From distribution 2; the number of candidates per bin that would be expected to 
have a VTP count rate greater than a) 0.1 s -1 and b) 0.2 s -1 (had they been available) 
were calculated by multiplying the total number of candidates per bin by the respective 
fractions determined from distribution 1. 
The results are shown in figure 2.10. We conclude that a VTP flux -limited candidate 
list would have included 83 or 51 more candidates, for 0.1 s -1 & 0.2 s -1 count rate limits 
respectively, if all 486 SGP RASS cluster candidates had available VTP fluxes. 
2.4.3 The Effects of Galactic Extinction 
Extinction hampers the construction of a flux -limited sample of RASS clusters in two 
ways; (a) it reduces the X -ray flux reaching the ROSAT instruments and (b) it reduces 
the projected galaxy density in the CUOC. We have attempted to quantify the effect of 
extinction on our flux -limited candidate sample by examining the distribution of line -of- 
sight NH among the candidates. 
A measure of the neutral hydrogen column density, NH, along a particular line of 
sight can be used to predict the extinction in that direction. (See Morrison & McCammon 
(1983) & Lu 'et al. (1992) for descriptions of the processes governing the absorption 
and /or scattering of X -ray and optical photons respectively.) The most comprehensive 
survey of NH values, to date, has been performed by Stark et al. (1992). This survey 
has a resolution of 2° and covers the whole sky above a declination limit of S = -40 °. A 
representation of this data, for the portion of the SGP region that lies above S > -40 °, 







Candidates missing from VTP flux -limited list (count rate limit =0.1 s -1) 
1 
o 01 02 03 
SASS count rate 
0.4 0.5 
Candidates missing from VIP flux -limited list (count rate limit =0.2 s -1) 
01 02 03 
SASS count rate 
0.4 0.5 
Figure 2.10: Histograms showing, as a function of SASS count rate, the expected number 
of candidates that are missing from VTP flux -limited lists by virtue of the fact that only 
337 of the 486 SGP RASS cluster candidates have available VTP fluxes. The total 
number of candidates that are projected to be missing from such lists are 83 and 51 for 
VTP count rate limits of 0.1 s -1 (top) and 0.2 s -1 (bottom) respectively. 
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Figure 2.11: A grey -scale map of binned HI column densities (not in equal area 
projection) over the SGP region (S > -40 °). The mean value of the HI data is 
NH = 1.96 X 1020 cm -2. The map has been scaled so that black is the maximum 
observed HI column density in the region (NH = 7.0 x 1020 cm -2) and white is the 
minimum (NH = 9.96 x 1019 cm -2). 
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Figure 2.12: The distribution of HI column densities for the 298 5 > -40° cluster 
candidates in table A.2 versus their respective galactic latitudes. 
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Figure 2.13: The distribution of HI column densities towards the 298 candidates in table 
A.2 with 8 > -40 °. Also shown (s) is the averaged distribution from 10 samples of 298 
random positions that were selected over the exact same area. (The error bars indicate 
the standard deviation between the 10 random samples.) The median value of the 
data and random distributions are NH = 2.95 x 1020 cm -2 and NH = 3.24 x 1020 cm -2 
respectively. 
is shown in figure 2.11. It is obvious from this figure that the NH column density, and 
hence the absorption is not a smooth function of position. The NH values in this map 
vary between 9.96 X 1019 cm -2 and 7.0 x102° cm -2, with a mean value of 1.96 X 1020 cm -2. 
Figure 2.12 shows, as a function of galactic latitude, the Stark et al. NH values 
at the position of each of the 298 8 > -40° cluster candidates in table A.2. These 
values are compared in figure 2.13 with a random distribution of NH values, derived 
by averaging over 10 samples of 298 randomly chosen positions in the SGP region. 
The two distributions appear to be very similar, suggesting that the cluster candidates 
are not avoiding areas of high Galactic absorption. We conclude that the effects of 
Galactic extinction do not constitute a serious systematic error in our attempt to measure 
the large -scale clustering of X -ray clusters. We have, therefore, made the simplifying 
assumption, when computing correlation functions from SGP RASS cluster samples in 
chapter 5, of a uniform angular coverage. 
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2.5 Summary 
A flux -limited list of 345 SGP RASS cluster candidates has been constructed using 
a combination of three different selection techniques. The techniques consist of; a) 
CSEARCH which is an automated search for galaxy enhancements around every SGP 
RASS source, b) a separation analysis with the ROE /NRL optical cluster catalogue and 
c) the selection of all extended SGP RASS sources. In addition, only those RASS sources 
with 1a upper limits in their hardness ratio of HR + ÖHR > 0 were selected. With no 
flux limit applied, 486 "hard" cluster candidates were selected from the SGP region of 
the RASS . 
The X -ray fluxes for each of the 486 candidates were calculated from the source 
count rates using the energy conversion factors (ECF) presented in the AO2 manual. 
Two methods, SASS and VTP, of source count rate determination have been described 
and compared. In the case of the VTP analysis, only 337 of the candidates have available 
VTP count rates. There remains uncertainty as to which method is the more appropriate 
for cluster description. We have, therefore, included in our flux -limited candidate list, 
those 345 candidates that fit either of the following criteria; 1) a SASS count rate greater 
than 0.07 s -1 or 2) a VTP count rate greater than 0.1 s -1. We have investigated the 
effects of patchy Galactic extinction among the candidates in the flux -limited sample, 
and conclude that the effects are not significant. The flux -limited candidate list is 
expected to include 45 - 70% of all z 1 x 10 -12 erg s -1 cm -2 SGP RASS clusters, based 
on the statistical completeness of CSEARCH and the separation analysis methods. The 
contamination by non cluster sources in the candidate list is expected to be 15 %. 
In chapter 3 we describe the spectroscopic follow -up of these candidates and in 
chapter 4 we present samples of SGP RASS clusters with redshifts that were derived 
from the candidate list. In chapter 6 we discuss possible improvements to the selection 
methods described in this chapter. 
Chapter 3 
Spectroscopic Follow -Up of SGP 
RASS Cluster Candidates 
In the previous chapter we introduced a flux -limited list of 345 SGP RASS cluster can- 
didates. In this chapter we describe an intensive spectroscopic follow -up campaign that 
was carried out to confirm the identification of these candidates (as clusters or contami- 
nating objects) and to find redshifts for the bona fide RASS clusters in the SGP region. 
The redshifts derived from these observations are used in chapter 5 to describe the spa- 
tial distribution of X -ray clusters and will be used in future for other projects, including 
the derivation of the X -ray luminosity function. 
Four allocations of telescope time were secured for the spectroscopic follow -up; 3 runs 
at the 3.9m Anglo- Australian Telescope (AAT) and 1 at the South African Astronomical 
Observatory (SAAO) 1.9m telescope. In the course of these runs we made successful 
observation of 133 of the 345 cluster candidates listed in table A.2. The total number of 
spectra, including multiple observations, poor quality spectra and template observations, 
that were obtained was 712. In this chapter we present the observing procedure used to 
obtain these spectra (§ 3.2 & § 3.3) and the techniques employed to a) reduce the spectra 
(§ 3.4), b) derive redshifts (§ 3.5) and c) determine spectral type (§ 3.6). Note that in 
this chapter we are concerned with 311 objects observed around 133 SGP RASS cluster 
candidate positions and not with the candidates themselves. The tasks of candidate 
identification and cluster redshift determination are described, instead, in chapter 4. 
3.1 Aims and Strategy 
With telescope time at a premium, an efficient strategy had to be devised with which 
to follow -up the 345 SGP RASS cluster candidates. The expectation, § 2.1.3, was that 
15% of these candidates would turn out not to be clusters. Therefore, the spectroscopic 
follow -up had to weed out the rogue entries as well as provide redshifts for the genuine 
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cluster candidates. Unfortunately, these two aims conflict. On the one hand, one would 
like to take spectra of all objects in or near the X -ray error circler that did not appear to 
be elliptical galaxies, to see if any show characteristics of X -ray emitters, e.g. the deep 
hydrogen absorbtion seen in dwarf stars or the wide emission lines seen in quasars. On 
the other hand, one would like to get redshifts for a few of the early -type galaxies in a 
wider region, in order to measure the cluster redshift. (E and SO galaxies make up the 
majority of cluster members.) 
The problem with all cluster redshift surveys is that there is no way to know, a 
priori, which galaxies in any projected distribution lie in the cluster. Nichol et al. (1992) 
found that multi- object spectroscopy is the only sure way to distinguish between real 
clusters and projection artifacts in optically selected samples. However, for the SGP 
RASS Cluster Project we decided instead to opt for long -slit observations at the AAT.2 
The rationale behind this decision was that, because our sample is X -ray selected, we can 
pin point the centre of the cluster potential well very accurately, § 1.3.2. If a candidate 
is a cluster, almost all of the galaxies within a 2' (i.e. half the length of the long slit) 
radius of the X -ray position should be cluster galaxies. This prediction was based on 
the galaxy number -magnitude count relation for the EDSGC, Heydon -Dumbleton et 
al. (1989, § 1.3.1). In the EDSGC, to a limiting magnitude of b; = 20, ti 0.2 non -cluster 
galaxies would be expected within a r(r = 2')2 area. 
The single slit approach allowed us to get spectral information on a much larger 
portion of our sample than if we had used multi -slit or multi -fibre observations. The 
advantages of single slit over the AAT multifibre system, AUTOFIB, include; 
o No aligning of AUTOFIB fibers or punching of slit masks required. 
Improved quantum efficiency. 
Easier data reduction, especially with regard to sky subtraction. 
For AUTOFIB, the minimum separation between objects is 30 ", which places se- 
vere restrictions on the follow -up of crowded fields. 
Dalton (1992) devised a maximum likelihood technique to select which galaxies to 
observe during the APM cluster redshift survey. This technique used the galaxy lumi- 
nosity function and a magnitude -redshift relationship to predict the probability that a 
'Where the error circle defines the 1cr error in the SASS determined position of the RASS source. 
The typical diameter of the error circle is 1.3', however, see appendix C, the diameters can range from 
0.25'to^_2'. 
2At SAAO the RPCS detector does not allow either long slit or multi- object observation. Instead 
single objects are observed through a 6" x 6" hole in a dekker plate. 
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galaxy of a certain magnitude belonged to a cluster at a certain estimated redshift. We 
tried, in 1991, to adopt the same technique using the galaxy magnitude information 
in the ROE /NRL catalogue. However, this did not turn out to be practical for three 
reasons; a) the magnitude calibrations and, hence, estimated redshifts in the ROE /NRL 
catalogue are inferior to those in the APM cluster sample, b) we had to take spectra for 
all objects in the error circle, regardless of magnitude, to be sure that we had identified 
the true X -ray source and c) only 43% of the candidates in table A.2 are associated with 
ROE /NRL clusters. Therefore, after the 1991 run we adopted the following, simpler, 
observing strategy; the spectrum of the object closest to the X -ray position and that 
of two or three other objects in the vicinity were measured. If, after the spectra had 
been reduced, the identification of the candidate or its redshift were still ambiguous, the 
candidate was observed again during a subsequent run. This strategy was based on the 
following experience which was gained during the 1991 observing run; 
e In the case of clusters, the X -ray emission was often centered on a bright cD -type 
galaxy and the cluster redshift could be determined easily by obtaining spectra for 
the central galaxy and a few other galaxies close by. 
In the case of AGN that were contaminating the candidate list, the AGN was 
usually centered on the X -ray position. It was easy to identify AGN from optical 
spectra on the basis of their intense line emission, § 3.6. 
Unfortunately, it has not been possible to follow -up all of the 345 SGP RASS cluster 
candidates. We decided to make best use of the observing time available by studying the 
candidates in count rate order, brightest first. As mentioned in § 2.4.2, we initially used 
SASS determined count rates to define this order, but switched in 1993 to VTP deter- 
mined count rates. Candidates associated with optical clusters with literature redshifts, 
§ 4.1.2, were given lower priority when it came to spectroscopic follow -up. However, if 
the literature redshift was determined with only 1 or 2 galaxy redshifts, then that can- 
didate was not excluded from the observations. (As shown in § 4.1.2, literature redshifts 
based on so few galaxy spectra have 20% chance of being in error.) In addition, 8 
candidates were not observed because, on inspection of the UKST plates, they appeared 
to be high likelihood contaminating objects. Six of these were bright stars (e.g. 0743009, 
figure C.21) and two were low redsbift spiral galaxies (e.g. 0174101, figure C.16). (Both 
stars and spiral galaxies are known X -ray emitters, their X -ray properties are described 
in § 4.2.) 
Chapter 3: Spectroscopic Follow -Up of SGP RASS Cluster Candidates 58 






149 °3'58" E 






29th Oct - lat Nov 
22 "'Aug -- 24th Aug 
30thAug -> 19t Sep 




" line density 
" blaze wavelength 
" dispersion 
RGO 
6000 V (I) 
600 mm -1 
5000A 
66 A mm -1 
Detector (date)(pixels) IPCS (1991 ) (2040x248) 
Tek -RGO (1992/3) (1028x1024) 
Table 3.1: Details of the telescope and dates of the AAT runs, plus a summary of the 
observing set -up used. 
3.2 Observations at the AAT 
In total we have had three runs at the AAT, the relevant details of which are summarized 
in tables 3.1 & 3.2. All runs utilized the RGO (Royal Greenwich Observatory) spectro- 
graph and a 600 lines mm -1 grating (blaze wavelength = 5000A ) and a single, 4.2' long, 
slit. The grating angle 18 °) was set so that the central wavelength on the detector 
was ^ 4800A . The slit was orientated so as to cover as many objects as possible. The 
corresponding slit angles were determined using the object coordinates available in the 
CUOC, § 2.2, database. (With careful alignment, it was possible to observe up to 5 dus- 
ter galaxies simultaneously.) After the 1991 run, we switched from the IPCS detector to 
the Tek -RGO CCD detector. These two detectors and their relative merits are discussed 
below. 
3.2.1 The IPCS 
The IPCS detects individual photon events in a two - dimensional image by means of 
a high -gain four -stage image intensifier optically coupled to a continuously scanning 
television camera. It then records the central positions of the photons in a digital 
electronic memory. An important feature of the system is the event centre detection logic 
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Dates Seeing ( ") Weather (dome closed) 
Anglo- Australian Telescope 
October 29th 1991 2.2 very cloudy (78 %) 
October 30th 1991 2.5 -* 4.5 patchy cloud (0 %) 
October 31th 1991 1.1 -> 3.0 clear --> fog & cloud (0 %) 
November 18t 1991 2.2 clear (0 %) 
August 22nd 1992 0.9 clear (0 %) 
August 23rd 1992 1.0 ->- 5 patchy cloud (10 %) 
August 24th 1992 1.1 ->,-, 3 clear -> very cloudy (33 %) 
August 30th 1992 - very cloudy (100 %) 
August 31st 1992 2 patchy cloud (0 %) 
September 1st 1992 - cloud & rain (100 %) 
September 6111 1993 - cloud & rain (100 %) 
September 7th 1993 1.2 ---> 2.5 increasing cloud cover (3 %) 
September 8th 1993 - very cloudy (100 %) 
September 9th 1993 - very cloudy (100 %) 
September 10th 1993 1.1 clear (0 %) 
September 11th 1993 1.0 -> 2.0 clear (0 %) 
Table 3.2: Dates of, and observing conditions during, the three AAT observing runs. 
which identifies the centroid of each photon event despite the degradation imposed by the 
electron optics, thus providing increased spatial resolution. The useable photocathode is 
40 mm in diameter, but severe spatial distortions and reduced resolution are encountered 
beyond 30 rum. 
The IPCS offers a wide variety of formats and pixel sizes. Up to 2048 columns 
and 514 rows are available. We selected 2040 columns & 248 rows and, with the set up 
described in table 3.1, this provided spatial resolution of 3 ", allowing objects very close 
on the sky to be observed simultaneously. The spectral resolution of the set up was 2.3.A. 
at 5000th assuming a focus of 2.4 channels FWHM. The spectral coverage obtained with 
the 600V grating at 18° was 3500 -> 6000k. The IPCS has the following advantages over 
available CCD detectors; larger spectral coverage, the spectra can be seen building up 
in real time, no readout noise and no problems with cosmic ray confusion or saturation. 
Disadvantages include, a maximum quantum efficiency of 20% at 40001 and distortion 
in the electron optics. 
3.2.2 The Tek -RGO CCD 
This is a blue coated chip consisting of 1028 columns and 1024 rows. It has a physical 
area of 24.7 x 24.5mm. For the instrumental set -ups chosen for the AAT 1992 and AAT 
1993 runs, the relevant specifications are; spectral coverage of 4000k to 5500.1 and 
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spectral resolution of 3.61. The quantum efficiency of the chip ranges from 54% to 67% 
in that spectral range, thus far out performing the IPCS. The only disadvantage of the 
Tek -RGO over the IPCS is the reduced spectral coverage. This did not prove to be a 
problem except for our most distinct galaxies, where certain features such as the 43001 
G band were redshifted out of the observing window. The chip was read out on slow 
mode, taking 120 s per readout, which introduced 3.6 electrons per ADU readout noise. 
3.2.3 Observing Procedures 
IPCS 1991 
For the IPCS observations, optimal integration times could be judged interactively by 
studying the real time build up on the screen. Comparison spectra (200 s exposures) 
of the copper -argon arc lamp were taken before and after each observation. Spectra 
of a) galaxies with accurately known redshifts from 21 cm measurements and b) radial 
standard stars, were taken at the beginning and end of each night. A dome light flat 
field exposure was taken at the end of the first night. This exposure was examined for 
structure and bad rows or columns, none were found and no further flat field exposures 
were taken during the run. 
Tek -RGO 1992 & 1993 
Flat fielding is more important for CCD data reduction than for the IPCS, because CCD 
chips often suffer from "bad pixels ", i.e. pixels with abnormal sensitivity. Therefore, 
multiple flat field exposures of 10 s duration were taken at the beginning of every night. 
Five bias frames were also taken at the beginning of each night. (The bias frames monitor 
the DC level on the CCD chip.) Comparison spectra (1 s exposures) of the copper -argon 
lamp were taken before and after each observation. Integration times for CCD exposures 
for the 1992 run tended to be over estimated. Often two 900 s exposures were taken 
when one would have sufficed. The only advantage of these extra exposures is that 
it allows us to check the external errors in the galaxy redshift measurements, § 3.5.5. 
After the experience of the 1992 run, the 1993 observations were made more efficient, 
by tuning integrations times to the prevalent weather conditions and galaxy magnitude. 
Observations of spectral templates were made each night. 
3.3 Observations at SAAO 
The instrumental set -up and weather conditions during the 1992 run at at the 1.9m 
telescope at Sutherland, South Africa are summarized in tables 3.3 & 3.4. 
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210 k mm -1 
RPCS (1872x2) 
Table 3.3: Details of the telescope and a summary of the observing set -up used during 
the SAAO run. 
Dates Seeing ( ") Weather (dome closed) 
SAAO 1.9m Telescope 
September 20th 1992 
September 21th 1992 
September 22th 1992 
September 23th 1992 
September 24th 1992 
September 25th 1992 
September 26th 1992 
- 
ti 1 -+N 2 
2 -+N 3 
- 
- 
N 2 ->- 5 
2 ->N 4 
very cloudy (100 %) 
patchy cirrus (0 %) 
clear (high winds) (0 %) 
very cloudy (100 %) 
very cloudy (100 %) 
clear -> fog & cloud (60 %) 
clear (high humidity) (0 %) 
Table 3.4: The prevailing weather conditions during the SAAO run. 
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3.3.1 The RPCS 
The Reticon Photon Counting system (RPCS), Jorden et al. (1982), is the primary 
detector for the Image Tube Spectrograph (ITS). The RPCS is a high- resolution, linear 
detector which is sensitive in the range 3300A to 7500A . It is based on two three - 
stage intensifiers fibre -optically coupled to a dual array of 936 photocathodes. The two 
18mm arrays (channel A & B) are formed from a row of 936 30µm x 375µm diodes, 
with no gap between the arrays. Resolution is improved by spatially centering to half a 
diode accuracy. This type of detector suffers from pattern noise, which is eliminated by 
operating in "microscanning" mode. 
A number of precautions are required when observing, because of flexure in the 
RPCS detector head and the flop of the electronics in the image intensifier tube. Flexure 
produces a large jump in wavelength to pixel relation when the telescope is slewed in 
declination. There follows a further slow creep in this relation as the telescope settles. 
Up to 5 minutes are required for the system to settle completely before integrations can 
commence. The amount of shift depends on the angle between the detector head and 
the vertical and is not readily predicted. Shift in the wavelength relation due to the flop 
of the electronics occurs when the axis of the intensifier passes through the horizontal. 
A shift of a couple of pixels is typical. The system is stable to < 0.002 pixels per hour 
once settled. 
3.3.2 Observing Procedure 
The real time readout of the RPCS on a photocathode allows integration times to be 
varied according to the surface brightness of the object and the observing conditions. 
Integrations were stopped when either the emission or absorption features were clearly 
visible in the spectra. Care had to be taken however, as bad pixels could be mistaken 
for real features, for example pixel 500 of channel A, figure 3.1. A limitation of 20 
minutes for any one exposure was imposed to avoid flop in the intensifier electronics as 
the telescope tracked. 
The spectrograph was orientated east -west across each object. A dekker plate with 
two 6" x 6" holes separated by 375µm (,-, 40 ") was used to observe the object and a 
comparison sky patch. The dekker is used to centre the object and the sky on the two 
diode arrays. It would have been preferable to observe the object using both arrays, to 
increase signal to noise. However, it was found that the decreased sensitivity of channel 
B, figure 3.1, made it impractical to use it for all but the brightest galaxies. 
Galaxies were observed using a 300 lines mm -1 grating, blaze peak=4600A. The 
grating angle (18 °) was chosen so that the wavelength at the centre of each channel 



















Interactive Manual arc line identification 
Automatic removal of bad lines & cosmic rays from CCD data 
S- distortion correction using SDIST results 
A "cosine -bell" spectral filter 
Adds contiguous lines of an image to produce a spectrum 
An x,y graphics cursor 
Smooth in the x- direction using a Gaussian convolution 
Set x -array of spectrum /image to specified range 
Extracts a long slit spectrum 
Sky subtraction by polynomial interpolation 
Determines the spectral profile for use in OPTEXTRACT 
Simple routine to cross correlate spectra 
Re -bins a spectrum into a linear or logarithmic wavelength range 
Analyse an image containing spectra for S- distortion 
Fits a polynomial to a spectrum 
Copy x -array information (e.g. wavelengths) into a spectrum 
Cross correlation routine used in the automated redshift determination 
Adds contiguous columns of an image to produce a spectrum 
Table 3.5: Glossary of Figaro Commands 
was 3900A . This gave a resolution of 8th and a wavelength coverage of 3300A . The 
limited spectral range of the quartz dome lamp emission meant that flat fields had to 
be observed using a higher resolution grating, 830 lines mm -1, in order to illuminate 
the array evenly. Long integration flat fields were taken at the beginning and end of 
each night. Copper -Argon calibration arc spectra were taken before and after each 
observation. Radial standard stars were observed at the beginning and end of each 
night. The same standards were chosen each night, to build up signal to noise. The 
standards were observed through a neutral density filter to avoid saturating the array. 
3.4 Spectral Reduction 
The reduction of the spectral data was done using the STARLINK FIGARO reduction 
package. A glossary of the FIGARO commands used is given in table 3.5. The description 
of the reduction process is divided up into the main procedures that are common to all 
types of spectral data analysis. Within these divisions there are some operations specific 
to the detector used. In these cases the three detectors; IPCS, RPCS & Tek -RGO, are 
treated separately. 
3.4.1 Treating Raw Data Frames 
A median bias frame was made for each night and subtracted from every frame. The 
frames were then corrected for cosmic ray hits using the automatic routine BCLEAN. 
This identifies and removes pixels with cosmic ray hits and then interpolate s over the 
Chapter 3: Spectroscopic Follow -Up of SGP RASS Cluster Candidates 64 
neighbouring region to fill in the gaps. Small scale variations in the pixel to pixel response 
of the chip were removed by dividing the frames, pixel by pixel, by calibration flat fields. 
The preparation of the calibration flat fields was as follows; 
Co- adding the flat field frames to make a master flat field for each night. 
Compressing the co -added flat field frames in the spatial direction to a 1 -D spec- 
trum (EXTRACT) between pixels 1 and 375. The intensity of the flat field lamp 
was approximately constant with wavelength, so any variation in counts with wave- 
length in this spectrum is due to the varying response of the detector. 
The spectra are then smoothed with a 4 pixels (FWHM) filter to remove small 
scale variations. 
Each row of the master flat field frames was then divided by this smoothed spectra 
to produce a calibration frame. 
The effect of the flat fielding can be seen in figure 3.2, where the chip defects around 
rows 53 and 238 can be clearly seen in the pre -flat fielded spectrum but are removed in 
the flat fielded spectrum. (The three large peaks in these plots indicate the positions of 
galaxies along the slit.) 
RPCS 
Data from RPCS observations comes not as a 2 -D frame but as two 1 -D spectra, one 
from each channel. All the RPCS spectra were flat fielded by dividing by the calibration 
flat field for their respective channel. In this case flat field calibration was performed by 
dividing the raw flat field spectra by a smoothed version. (Where the smoothing was 
performed using a 50 pixel FWHM filter.) When the flat field spectra were compared, 
it was found that, at all wavelengths, channel A was more sensitive than channel B by a 
factor of 1.3 (the exact value varied from night to night), figure 3.1. After flat fielding, 
all the spectra were clipped (LXSET) so that only data between pixel numbers 520 and 
1570 were retained. 
IPCS 
Instruments that use image intensifiers suffer from various distortions, in particular S- 
distortion. The effect is to produce a spectrum that snakes across the two - dimensional 
image frame rather than being perfectly straight. S- distortion can be corrected by two 
orthogonal one dimensional corrections, but one has to first determine the exact shape 
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of the distortion. For IPCS spectral reduction a self - correction approach was taken. The 
2 -D shape of each galaxy spectra was fitted by SDIST and then the routine CDIST was 
used to straighten the image using the SDIST results. In the few cases where the galaxy 
spectra was not of high enough signal to noise for SDIST to operate, no correction was 
applied. 
The calibrated IPCS flat field obtained on the first night of the 1991 run was found 
to be very smooth with minimal residual pixel to pixel variations. Therefore, to avoid 
the introduction of unnecessary noise, no flat fielding correction was made to the IPCS 
frames. 
3.4.2 Extraction of Sky Subtracted Spectra 
Once the images have been flat fielded and corrected for any distortions, the spectra 
have to be extracted from the image frame and a sky subtraction applied. 
RPCS 
The method of sky subtraction for RPCS data was very simple, the signal from the 
sky channel was subtracted from the object channel. In practice there was a shift in 
pixel to wavelength response between the two channels. Therefore, the spectra from the 
two channels were re- binned between 3000 A and 6500A into 1000 linear bins, using 
SCRUNCH. The sky data was then subtracted from the galaxy data. The difference 
in sensitivities of the two channels was compensated for by multiplying the data from 
channel B by the scale factor determined from the flat fields. The sky subtraction using 
this method is incomplete as shown in spectra 4 and 5 of figure3.r. The sky line at 
5577Á is still clearly visible in these spectra. 
N.B. The integration times for the template observations were so short that the 
contribution from sky noise was negligible and sky- subtraction was not necessary. 
IPCS and Tek -RGO 
Optimal extraction was used to obtain the best possible 1 -D sky subtracted spectra 
from the 2 -D frames obtained at the AAT. This method performs a weighted spectrum 
extraction, where the weighting was defined by the surface brightness profile, see Home 
(1986) for the details. The first stage involves removing the sky contribution in the 
spectrum using POLYSKY. This routine subtracts off a map of the sky contribution 
in the object spectrum. This map was constructed by interpolating a quadratic fit 
to the sky brightness in regions either side of the spectrum. The routine PROFILE 
was then used to fit a surface profile to the sky subtracted spectrum using a 5th order 
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ó 
RPCS flat field in channel A 
RPCS flat field in channel B 
Figure 3.1: Flat field spectra taken in 104 s on the second night of the SAAO run. It 
can be seen that the signal in channel A was 1.3 times larger than that in channel 
B, reflecting the increased sensitivity in that channel. Detector defects, such as at pixel 
450 in channel A, are also clearly visible. 
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Figure 3.2: Spatial profiles (in counts versus pixel number) of the Tek -RGO CCD ob- 
servation of the field surrounding RASS source 0763002 (Abell cluster 2420). The upper 
plot shows a cross section of the raw image frame whilst lower plot shows the same cross 
section after flat field correction. Bad pixels at rows 53 and 238 are compensated for 
in the flat fielded image. The three sharp peaks represent the intensity profiles of three 
cluster galaxies. 
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polynomial. Finally OPTEXTRACT was used to produce an optimally extracted 1- 
D spectrum using the output from PROFILE. The effectiveness of this method of sky 
subtraction is illustrated in spectra 2 and 8 in figure 3.6, where there is no evidence for 
any residual sky emission at 5577A . 
The optimal extraction routines require, as inputs, the outer limits, in the spatial di- 
rection, of each spectrum and their respective sky regions. These limits were determined 
interactively using ICUR, a calibrated cursor routine. For the IPCS data, the edges of 
the spectra were read off directly from the 2 -D frames. The IPCS wavelength to pixel 
relation was not very stable in spatial direction. This meant that the sky regions needed 
to be as close as possible to the spectra and not very wide, if the sky subtraction was to 
be effective. Therefore, the sky regions were chosen to be s 15 pixel wide and 5 pixels 
from the visible edge of the object's light profile. For the Tek -RGO frames, the positions 
of the sky regions were less crucial and a simpler method was employed; looking for 
peaks in the surface brightness profile. These profiles were created by compressing each 
frame in the spectral direction using YSTRACT. For example, the intensity profile for 
an observation of the field around RASS source 0763002, Abell cluster 2420, that yielded 
three galaxy spectra, see table B.1, is shown in figure 3.2. 
3.4.3 Wavelength Calibration 
Calibrations between detector pixel number and wavelength were achieved by taking 
short integrations of comparison lamps, containing low pressure gaseous elements, using 
the same instrumental set -up as the galaxy observations. The lamps were stored in the 
telescope chimney and could be switched easily into the optical path of the spectro- 
graph. Temperature variations and telescope orientation can alter the wavelength to 
pixel variation from observation to observation. These variations can only be monitored 
accurately using arc lamp calibrations and so arc exposures needed to be taken regularly 
throughout the night. 
The interactive line fitting programme ARC in FIGARO was used to identify lines in 
the observed arc spectrum using arc line wavelength maps available at each telescope. 
The resulting arc fits were transferred to the respective object spectra using XCOPY. 
ARC makes full use of interactive graphics and provides a running fit to make the manual 
identification process as easy as possible. It also has an automatic line identification 
feature that can be used to add lines to a fit. It was very important to identify arc 
lines at the extremities of the spectra, otherwise the polynomial fit would be poorly 
constrained at the edges. For example, in spectrum 9, figure 3.7-, a slight error in the 
wavelength to pixel relation has meant that it was not possible to choose a redshift value 
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that would fit both the [OH] line at 3727k and the [OIII] lines at 5007AThe RMS value 
of the discrepancy between the observed arc line centers and the line centers predicted 
by the polynomial fit can be used to judge the accuracy of the fit. (A rule of thumb is 
that the best achievable RMS value is approximately one tenth of the spectral resolution, 
Nichol 1992.) 
IPCS 
As mentioned above, the wavelength to pixel relation of the IPCS was not stable across 
the detector. It was found, using SCROSS, that spectra taken from the central rows of 
arc images were shifted by up to 1 pixel from spectra taken from rows at the edge of the 
images. Therefore, object spectra at different row positions on the same image frame 
were calibrated separately. It was found that spectra built up from 30 rows, centered 
on the object position, of the arc frame contained emission lines with sufficient signal - 
to -noise to make a good ARC fit without the lines becoming overly broadened. The 
wavelength to pixel relation was also temporally unstable and so the arc frames had 
to be individually calibrated. On average, 30 arc lines were identified manually and 30 
automatically in the IPCS arc spectra and the range in RMS fit values was 0.16k to 
0.251 , with a modal value of 0.21 . 
Tek -RGO 
The wavelength to pixel relation of the Tek -RGO chip was very stable across the detector, 
with a typical shift of < 0.05 pixels between spectra taken from the centre to the those 
taken from the edge of the arc frames. As a result, no degradation in the arc fits occurred 
if the whole arc is compressed in the spatial direction. Therefore, only one arc fit has 
to be made to calibrate all the spectra on the object frames. In addition the temporal 
shifts were very small and often 2 or 3 arc spectra could be co -added without degrading 
the arc fit. These detector properties had the joint advantages of speeding up the object 
calibration and of increasing signal to noise in the arc spectrum. Typical values for the 
RMS fit values for the Tek -RGO spectra were; 0.12Á to 0.2k for the 1992 data and 
0.14k to 0.191 for the 1993 data. For both runs 30 manually identified lines were 
used. 
RPCS 
As mentioned above, the RPCS spectra were clipped after flat fielding. This was done 
because no arc lines could be identified, and thus the arc fit cannot be constrained, 
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outside the pixel range 520 -1570. Variations in the wavelength to pixel relation with 
telescope orientation meant that the object spectra had to calibrated using only those 
arc spectra taken before and after the object integration. Typically .s 40 manually 
identified lines were used to constrain the polynomial fit, with RMS values in the range 
0.7A to 0.9A. 
3.4.4 Adding Spectra 
Maximum integration times are limited by such factors as instrumental drift and the 
frequency of cosmic ray hits. Several objects were observed more than once to build 
up signal to noise in the spectrum. Most of the RPCS redshifts were derived from 
composite spectra. For example, spectrum 4 in figure 3.6, shows a composite spectrum 
of two observations of a galaxy close to the position of RASS source 0723084. The co- 
adding was done by adding the two wavelength calibrated, sky subtracted spectra after 
re- binning them into the same linear wavelength bins. 
3.5 Redshift Determination 
Galaxy redshifts can be determined by measuring the wavelength shift of their spectral 
features relative to their rest positions, § 1.2.1. The emission lines and absorption 
features identified during the spectroscopic follow -up are listed in table 3.6. The most 
commonly observed absorption features were the calcium H and K doublet, the 4000A 
continuum break (caused by a discontinuity in the Balmer lines), and the G band. The 
most commonly observed emission line was the oxygen line [OH] at 3727A , although the 
lines Hp , [OIII]4959 and [OIII]soo7 also occurred frequently. 
For the SGP RASS Cluster Project, the redshift determination was performed in 
two different ways. First, the individual spectra were displayed on a work station and 
the best redshift was fitted by eye using the observed spectral features. Secondly, each 
spectrum was cross -correlated with a library of template spectra. The first method was 
included in the reduction pipeline because a) it acted as a check on the automated red - 
shift determination and b) it allowed contaminating objects, such as AGN, BL Lacertae 
objects and X -ray stars to be identified. 
3.5.1 Manual Identifications 
A comprehensive scheme to identify emission and absorption lines and to determine 
object redshifts was carried out using a programme, REDSHIFT , provided by Karl 
Glazebrook3. The programme, written inside the FIGARO environment, allowed the 
'Present address; IOA, Cambridge, U.K. 
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Absorption Features Emission Features 
Wavelength (A) Feature Wavelength (Ä) Feature 
3798.6 HO 3426 [Ne V] 
3834.7 Hr/ (-1- MgI & FeI) 3727 [0 II] 
3888.7 H( 3869 [Ne III] 
3933.3 K (Ca II) 
3969.2 11 (Ca II & HE) 
4000.0 4000A break 
4227.8 118 4102 118 
4304.4 G (Ca II) 
4340.5 Hy 4340 11y 
4864.5 HO 4861 Hß 
5174.0 b (MgI) 4959 [0 III] 
5268.6 5268 (FeI + Cal) 5007 [0 III] 
5892.4 D (Nal) 
Table 3.6: Spectral absorption and emission features found during the spectroscopic 
follow -up of SGP RASS cluster candidates. The information is drawn from Corwin & 
Emerson (1982) and Costero & Osterbrock (1977). 
user to interactively; 
1. Plot and manipulate (smooth, magnify etc. ) the spectrum. 
2. Fit a redshift, by guessing the identifications of spectral features. 
3. Identify features, once the redshift was known. 
The results of the REDSHIFT analysis are presented in table B.1. The redshift values 
are listed in column 7, where only a rough redshift value was obtained, the redshift is 
listed with a N sign. Often a " redshift" value is not quoted for identified stars, instead 
they are simply marked "star ". There are several cases where "n.a." appears in column 
7. In all but one case, this is occurs when strong emission lines were present in the 
spectrum which were not immediately recognizable using REDSHIFT . In the other case, 
0843045, REDSHIFT failed to identify a redshift value, but XCORR , § 3.5.2, did. The 
errors on the manually determined redshifts are discussed in § 3.5.1. 
The features identified in each spectrum are listed in column 8 of table B.1. To avoid 
confusion between hydrogen lines in absorption and in emission, the absorption features 
are listed as hs h,y hp etc. and emission lines as Hb H. Hß etc. (Note, the calcium H line 
can be distinguished from hydrogen lines in emission because it has no subscript.) The 
identification of the other features are as given in table 3.6. The features are always listed 
by increasing rest wavelength. A dash, -, in column 8 marks the point in the sequence 
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where an unidentified emission line occurs. For example, none of the 7 emission lines in 
the third 0833006 galaxy were identified. 
The superscripts in column 8 should be interpreted as follows; 
s f : small & fine emission lines 
I f : large & fine emission lines 
sw : small & wide emission lines 
1w : large & wide emission lines 
?bl : suspected BL Lacertae object 
They refer to the observed nature of the emission lines or continuum seen in the respec- 
tive spectrum. They are an attempt to make a first order classification of emission line 
object, see § 3.6. As the spectra have not been flux calibrated, and no equivalent width 
measurements made, these descriptions must be treated with caution. Briefly, "wide" 
indicates lines that are significantly, when judged by eye, broader than the spectral res- 
olution, and "large" indicates that the signal to noise in the lines is z 5. Unfortunately, 
this emission line description is not available for all the emission spectra in table B.1. 
Example REDSHIFT outputs for spectra taken during each of the four runs are shown 
in figure 3.i: The 18 spectra, described in table 3.9, cover a range of object types and 
signal to noise levels. In these plots the spectra have been sky subtracted and wavelength 
calibrated. The continuum emission has been left in these plots to reflect the intrinsic 
differences between the different spectral types, e.g. compare spectra 1 and 13, and the 
different wavelength responses of the three detectors, e.g. compare spectra 1 and 5. Note 
that almost all of the absorption and emission features listed in table 3.6 can be seen in 
spectrum 1 and spectrum 9 respectively. 
3.5.2 Cross Correlation Technique (XCORR) 
In addition to the manual method described above, an automatic redshift finding routine 
was applied to the spectra. As is customary, the cross -correlation technique was used, 
see Tonry Sc Davis (1979) for a complete description. This technique allows redshifts 
and their errors to be determined objectively, by convolving the object spectrum with 
a template spectrum of known redshift. The resulting cross correlation function (CCF) 
has a peak corresponding to the redshift at which the template best matches the galaxy 
spectrum. The FIGARO programme XCORR , was used to perform the necessary fast 
fourier transforms and return the peak of the CCF. 
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Preparation of Spectra 
Before running XCORR , the spectra (object and template) had to treated in the follow- 
ing way; 
1) The continuum was removed by subtracting either a high order polynomial fitted 
to the whole spectrum (SFIT) or a heavily smoothed version of the spectrum (IXS- 
MOOTH). For the IPCS spectra, a 4th order polynomial fit was used, for the Tek -RGO 
spectra a 3rd order polynomial fit was used and for the RPCS spectra a 50 pixel (FWHM) 
Gaussian smoothing was used. 
2) Any remaining discontinuity between opposite ends of the spectrum was removed, 
using COSBELL, by multiplying with a "cosine -bell" function which is equal to unity 
except at the edges, where it falls smoothly to zero over the last 5% of its length. This 
is necessary because the discrete Fourier transform used in XCORR is made periodic by 
identifying the ends of the spectrum. Any discontinuity would look equivalent to a sharp 
break and be mistaken for a real feature, thus introducing spurious correlations. 
3) The spectra are re- binned into logarithmic bins, i.e. so that the bin centers follow a 
geometric progression. This is vital because cross - correlation measures a shift between 
spectra while the effect of redshift is a multiplication by (1 +z). If the binning is done 
as, 
n= Alna + B, (3.1) 
where n is the bin number, A is the wavelength and A and B are the normalization 
constants, then, a shift of no bins is related to the redshift by, 
(1 + zo) no= A1n(1 (3.2) 
where zo is the observed, or unknown, redshift and zt is the template redshift which is 
known to high accuracy. 
The Method 
The template and data spectrum are cross -correlated in Fourier space by multiplying the 
transform of the data spectrum by the complex conjugate of the transformed template 
spectrum. During the multiplication a filter is applied to remove residual low frequency 
correlations not fully removed by the continuum subtraction and very high frequency 
noise below the resolution of the spectra. The real part of the resulting CCF is normalized 
such that a perfect correlation gives a peak at zero shift of unity height. Ideally, the 
data and template spectra would be identical except for a shift of no bins. The CCF is 
then scanned for its highest peak. The centroid (no), height (H) and FWHM width (W) 
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of this peak are determined by fitting a parabola to the data. The observed redshift is 
then calculated using equation 3.2, while the error in the shift is well -approximated by 
Eno = 
0.375 W 
where R is given by, 
1 +R (3.3) 
R= _H (3.4) 
V Lcra 
Here, cra is the rms of the antisymmetrical part of the CCF and represents the noise 
in the CCF since, for a perfect correlation with a symmetrical broadening function, 
the CCF should be symmetric about the true chosen peak. (Broadening is introduced 
both by instrumental effects and by the internal velocity dispersion of the galaxy.) The 
probability that the chosen peak is the true peak, in the form of a confidence level (C), 
is also returned by by XCORR . The confidence level is derived by assuming that the 
noise in the CCF has a Gaussian distribution of width V2Qa. (See Heavens 1993 for a 
complete description of confidence level derivations.) 
3.5.3 Spectral Templates 
To be successful, the cross correlation method requires good quality template spectra, 
derived from objects with known radial velocities. It is preferable to use several different 
templates, to account for the range in spectral types in the object spectra. Table 3.7 
lists the various radial standard stars and bright galaxies that were used in the cross 
correlation. As much as possible, cross correlations were performed with templates taken 
with the same instrumental set -up as the galaxy spectra and table 3.8 indicates which 
templates were used in the reduction of spectra from specific runs. In the case of the 
IPCS data, we were able to supplement the list of templates we had observed with 
templates provided by other observers. The additional galaxy templates were taken 
from Nichol (1992) and the stellar templates from Parker et al. (1987). The 6 different 
Tek -RGO templates were observed several times during the 1992 and 1993 runs, thus 
providing a total of 34 template spectra. 
The stellar templates were selected from the listing of radial standards in §H of 
the Astronomical Almanac. The majority of the template galaxies were selected from 
de Vaucouleurs et al. (1991). The radial velocities of these galaxies are taken from a 
compilation of weighted mean 21 cm observations, Bottinelli et al. (1990). The exception, 
galaxy E348G10, represents the 10th ranked member of EDCC cluster 348 (Lumsden et 
al. 1992, Nichol 1992). This galaxy has a similar spectrum to the cluster galaxies in our 
programme and was thus included in the template list despite its relatively large velocity 
error. Two examples of template spectra are shown in figure 3.6, spectra 17 & 18. 
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STARS y km s-1 Type GALAXIES v km s-1 Type 
HD35410 +20.5 ± 0.2 KO III N2613 1678 + 5 SA(s)b 
HD80170 0.0 f 0.2 K5 III-IV N5740 1570 + 4 SAB(rs)b 
HD92588 +42.8 + 0.1 sgKl N5921 1480 + 4 SB(r)bc 
HD145001 -9.5 + 0.2 G8 III N6070 2006 + 7 SA(s)cd 
11D171391 +6.9 + 0.2 G8 III N6118 1570 + 4 SA(s)cd 
HD203638 +21.9 f 0.1 KO III N6958 2713 + 13 E+ 
N7793 227+ 2 SA(s) 
E348G10 8813 + 65 - 
Table 3.7: Radial velocity templates used in the cross correlation analysis. The quoted 
radial velocities and object types are taken from, a) the astronomical almanac, for the 
stars, and b) from de Vaucouleurs et al. 1991 for all galaxies except E348G10. The 
radial velocity for the latter galaxy was taken from Nichol (1992). The de Vaucouleurs 
redshifts are based on 21 cm observations. 
Anglo- Australian Telescope IPCS observations 
HD80170 HD923588 N2613 HD35410t HD171391t N57401 
N5921 1 N60701 N61181 N69581 N7793 1 E348G101 
Anglo- Australian Telescope Tek -RGO observations 
HD35410 HD145001 HD203638 N5921 N6070 N6118 
South African Astronomical Observatory RPCS observations 
HD35410 HD203638 
Table 3.8: Key showing which templates were used in the XCORR redshift determina- 
tion. 
$ Galaxy template provided by Nichol (1992) 
t Stellar template provided by Parker et al. (1987) 
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3.5.4 Deriving Galaxy Redshifts from XCORR Results 
To recap, XCORR returns; a redshift, z, and a redshift error, Sz, based on the position 
and width of the highest peak in the CCF. In addition, XCORR returns a confidence 
level, C, that the highest peak in the CCF represents the true separation of the template 
and object spectra. We now describe how that information was interpreted to provide 
redshifts for the objects studied during the spectroscopic follow -up. 
IPCS and Tek -RGO Data 
With up to 34 cross correlations per object spectra, an automated method had to be 
developed with which to screen the XCORR outputs and determine the best estimate of 
the object redshift. The first stage was to analyse the XCORR results for each object and 
find the mean, z, and standard deviation of the redshift values. The most deviant point 
was rejected and the mean re- calculated. This was repeated until either the standard 
deviation no longer decreased or the number of templates remaining had reached an 
empirically derived critical level (n,t = 15 for the 34 Tek -RGO templates, n,t = 6 
for the 12 IPCS templates). Although certain stars and low z galaxies have genuinely 
negative radial velocities, it was assumed that any negative redshift was meaningless 
and these results were excluded from the iteration. In table B.1, if the word "bombed" 
appears in the 91h column, then XCORR had produced a negative redshift with all the 
templates. 
The second stage involved finding the redshift, z', with the highest confidence level, 
C', within one standard deviation of the last determined 2 value. If the following two 
conditions were met, then z' was assumed to be the true redshift of the object and 
z' & 5z'(x105) were listed in table B.1, column 9. If neither, or only one, of these 
conditions were met, then the object was labelled in column 9 as having an "unclear" 
XCORR redshift. The conditions; 
1) That there was at least one other, different, i.e. not simply a repeat exposure, template 
with a redshift, zt, within 3 sigma of z', i.e. 
[z' - (3 x V(6z92 -- (bzt)2)J < zt < [z' + (3 x V(bz')2 + (5zt)2)1 (3.5) 
2) That the chance that z' had been determined from a noise peak in the CCF was less 
than 1% (i.e. C > 0.99) This limit was adopted based on the empirical arguments in 
Dalton (1992). 
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RPCS Data 
With only two templates available from the SAAO run in 1992, each of the XCORR CCF 
spectra could be studied individually. If an XCORR determined redshift had a confidence 
level C > 0.99 with either stellar template, then that redshift value was adopted as the 
object redshift. 
3.5.5 XCORR Redshift Errors 
Internal Errors 
The errors tabulated in column 9 of table B.1, Sz, represent the internal error on the 
XCORR measurement (x 105). The distribution of the 207 available XCORR error values 
is shown in figure 3.3. The mean of the distribution is Sz = 2.1 x 10 -4 + 2.8 x 10 -4 or 
Sv ti 63 km s -1. This mean is weighted by a few large error values all of which have been 
shown to be associated with erroneous XCORR redshifts (see below). Therefore, a more 
representative value for the typical internal error in an XCORR determined redshift is 
the median value, Sz = 1.4 X 10 -4 or 8v = 42 km s -1. 
External Errors 
It is possible to determine the external error on the XCORR measurements by comparing 
the redshift values returned by XCORR from different observations of the same galaxy. 
At least two XCORR determined redshifts exist for each of 50 galaxies observed during 
the AAT 1992 run. The residuals between these redshift determinations are plotted in 
figure 3.4. The mean value and median values of these residuals are Sz = 7+15 x10-4 and 
Sz = 2 x 10 -4 (5v = 60 km s -1) respectfully. These values are comparable to the internal 
errors quoted above. In addition there are five galaxies for which repeat XCORR redshift 
measurements exist, where the spectra were taken obtained during different rims. For 
these cases, the typical redshift residual was 3 x 10 -4 < Sz < 8 x 10 -4. 
3.5.6 Manual Redshift Errors 
The primary purpose of the manual redshift finding technique was to search for possible 
contaminating objects in the X -ray cluster candidate list by classifying different types of 
object spectra. The accuracy of these manual redshift determinations was limited by the 
accuracy of the wavelength calibration and the ability to find the centre of any feature 
by eye. For object spectra which are not well matched by any of the XCORR template 
spectra, the manual method is the only way to discern a redshift value. Therefore, it is 
important to have an estimate of the errors on these manually determined redshift values. 
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Figure 3.3: Distribution of internal errors on the XCORR determined redshifts. 
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Figure 3.4: Distribution of XCORR external redshift errors, determined from 50 galaxies 
that were observed more than once during the AAT 1992 run. 
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Figure 3.5: XCORR determined versus manually determined redshifts for 188 galaxies 
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Figure 3.6: The distribution, plotted over 2 different scales, of the ZXCORR - zman 
residuals for 188 galaxies for which both manual (zman) and XCORR (zxcoRR) redshift 
measurements exist. 
Figure 3.5 shows the XCORR and manually determined redshifts for the 186 objects for 
which results from both techniques exist. Figure 3.6 shows the distribution of residuals 
between the manual and XCORR redshifts (zXCORI? - zman) for these 186 cases. The 
median value of this residual distribution is Sz = 1.35 x 10 -4 (8v = 41 kms -1), in good 
agreement with the external and internal errors quoted above. 
There are 23 objects for which the discrepancy between zXCORR and zman is greater 
than Sz = 0.0033 or 8v = 1000 kms -1, i.e. far in excess of what would be expected 
from the intrinsic errors in the two methods. These objects were examined to find 
the cause of the disagreement. In 15 cases the cause of the disagreement was clear, 
either; a) the spectrum had strong emission lines, i.e. it will not match any of the 
available XCORR templates, b) the error on the XCORR measurement was unusually 
large, Sz > 8 x 10 -4, i.e. more than 2o- from the mean internal error, thus suggesting 
Chapter 3: Spectroscopic Follow -Up of SGP BASS Cluster Candidates 81 
that XCORR had produced an erroneous result or c) the manual redshift value was known 
to be inaccurate. The adopted value for the galaxy redshift is marked in table 13.1 by a 
t. 
The cause of the discrepancy in the other 8 cases was ambiguous. If the two values dif- 
fered more than the maximum error that could be introduced into a cluster redshift mea- 
surement by the velocity dispersion, i.e. y < 2000kms -1, neither result was assumed to 
be accurate or used further, e.g. to define cluster redshifts. Otherwise, the XCORR value 
was adopted as the true redshift of the galaxy. (Note that in the other 163 cases where 
both REDSHIFT and XCORR values are available and zXCORR - zman < 0.0033, the 
XCORR value was adopted as the galaxy redshift.) 
In conclusion, in 87% of cases, there is good agreement between the redshift values 
returned by XCORR and those returned by the manual identification. Therefore, for 
those few objects for which reliable XCORR values were not available, but a good manual 
identification was, we can assume that the error on the assumed object redshift is bz = 
1 -+ 2 x 10 -4. The errors on the object redshifts (either zman or zxcoRR) are, therefore, 
insignificant in comparison to the velocity dispersion of clusters, y -, 700 km s -1 or 
Sz - 2 x 10 -3, Zabludoff et al. (1990). Note also that no correction was made to the 
XCORR or manual redshifts to the heliocentric coordinate system. The Earth's orbital 
velocity is -. 30kms -1 which corresponds to a redshift error of bz ^_ 10 -4. 
3.6 Classifying Galaxies 
It can be seen in table B.1 that a large fraction (. 30 %) of the objects observed dur- 
ing the spectroscopic survey have emission lines in their spectra. Certain objects with 
strong optical emission lines, those with active galactic nuclei, are strong X -ray emit- 
ters. Others, such as cD galaxies in cooling flows or starburst galaxies are relatively, 
when compared to intracluster gas emission, X -ray faint.4. It is, therefore, important 
to distinguish active galaxies that are contaminating our candidate list from X -ray faint 
emission line galaxies in clusters. The optical line excitation mechanisms in X -ray bright 
and X -ray faint galaxies differ; e.g. a) photoionization by a power -law continuum source 
in AGN and b) photoionization by 0 and B stars in starburst galaxies. Such mechanisms 
leave characteristic imprints on the optical spectrum. We have, therefore, attempted to 
classify the emission line galaxy types using the relative line strengths and widths of 
various emission lines. 
4A description of the X -ray properties of various types of astronomical objects is given in § 4.2 
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3.6.1 Starburst and Giant Elliptical Galaxies 
The term " starburst" refers to a galaxy in which there is thought to be an exceptionally 
high rate of star formation. Starburst galaxies are characterised in the optical by narrow 
emission lines similar to low- ionization HII regions. They are a commonly observed 
phenomena in clusters. From high resolution imaging it has been shown that these 
galaxies tend to be in the process of galaxy -galaxy interactions and /or to be associated 
with cluster sub -structure, e.g. Couch et al. (1994) & Caldwell et al. (1993). 
A high proportion of X -ray clusters are dominated by a single bright cD galaxy. 
These galaxies have a nucleus of a very luminous elliptical galaxy which is embedded in an 
extended amorphous halo of low surface brightness. (Objects in our spectroscopic follow - 
up that resembled cD's are labelled as such in column 6 of table B.1.) It has been shown 
that a high fraction, 30 %, of central galaxies in clusters have emission line spectra 
(Crawford et al. 1994). The emission mechanism is unclear at present, although the 
best received model involves energy injection into cold gas clouds by turbulent mixing, 
Crawford & Fabian 1992. 
From the optical spectra of starburst galaxies presented in Caldwell et al. (1994), 
Fruscione & Griffiths (1991), Couch & Sharples (1987) and those of emission line cD 
galaxies presented in Crawford et al. (1994), we can deduce that the spectra of these 
two galaxy types will be indistinguishable in our spectroscopic survey. (This is due to 
the limited (,--, 3800 - 5500A ) wavelength range of the observations.) Both galaxy types 
will be characterised by; 
1) Strong narrow emission lines, including [01113727 , Hp , [0111]4959 and [OIII]soo7 
(Beyond a redshift of z ti 0.11 only [011]3727 will be visible.) 
2) A dominance of the [011]3727 line over the [0111]4959 and [0111]5007 lines. 
3) The presence of galaxy absorbtion features among the emission lines. 
3.6.2 Active Galactic Nuclei 
In contrast, absorption features will occur only rarely in the spectra of active galactic 
nuclei. Except in the case of BL Lacertae objects, AGN spectra are dominated by 
emission lines that can be either narrow or broad. (BL Lacertae objects, a rare form 
of AGN, show bright, blue continuum and very weak, or no, emission or absorption 
features.) In the wavelength range of our observations, the following emission lines may 
be seen in AGN spectra; [Nev], [011]3727 , [Neill], Hg , Hry , Hp , [0111]4959 and [011115007. 
However, the most common lines will be [01113727, Hp , [0111]4959 and [0111]5007 Based 
on the results presented in Baldwin & Phillips (1981) we can expect an object spectrum 
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to be that of an AGN if the equivalent width of the [0111]5007 line is larger than the 
[011]3727 line and the Hp line. Objects that show broad, z 1000kms -1, permitted 
emission lines and narrower forbidden lines are most probably Seyfert I objects. 
3.6.3 Classification Scheme 
Flux - calibration and equivalent width measurements were not included in the reduction 
of the spectra from our observing campaigns. It can, therefore, be misleading to make 
comparisons of raw line strengths if the lines were detected on very different parts of 
the detector. However, the following scheme was devised with which to categorize X -ray 
bright and X -ray faint galaxies; 
1) An object with narrow emission lines and where the [011]3727 line is larger than the 
[011115007 line was assumed to be a cD emission line nebulae or a starburst galaxy. 
2) Any object with broad emission lines was classed as an AGN. 
3) Any object with narrow emission line but where [0111]5007 dominates over [011]3727 
was also classed as an AGN. 
4) Any object with an extremely bright continuum without strong absorption or emis- 
sion features was assumed to be a BL Lac. object. 
The AGN and BL Lac.'s identified this way are flagged as "AGN" in column 4 of 
table B.1, whereas the X -ray faint emission line galaxies are simply flagged "Galaxy" in 
that column. These classifications are used in § 4.1 & 4.2 to identify the underlying 
X -ray source behind each of our cluster candidates. In figure 3.6 several examples are 
shown of spectra obtained from AGN and X -ray faint emission line galaxies. 
3.6.4 AGN Hidden by the Limited Wavelength Range 
The limited wavelength range of the spectroscopic observations means that [011]3727 is 
the only detectable emission line for z > 0.11 starburst and giant elliptical galaxies. 
Unfortunately, unless less common emission lines such as H5 & H-) are present, this is 
also true for AGN. Therefore, it is not possible for us to thoroughly discriminate between 
starburst and active galaxies at z > 0.11. 
There are a total of 31 galaxies listed in table B.1 with z > 0.11 that show [011]3727 
emission. Three of these are already flagged as AGN by virtue of other identified emission 
lines. However, the rest show no other emission lines and have been identified as X -ray 
faint emission line galaxies. Of these, eight show only [OH] emission whilst the other 
20 show [OH] plus absorption features. We can test the significance to which we can 
trust the identification of these 28 z > 0.11 objects as X -ray faint galaxies by making 
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a comparison with the 32 lower redshift galaxies that show [On] emission. Of these 32 
low z, [OH] emission line galaxies, 55% are AGN. A subset of these 32 galaxies show 
both [OH] emission and absorption features. Among this subset, only 30% have been 
classified as AGN. Therefore, we can make the following predictions; a) approximately 
17 of the 31 z > 0.11 [OH] galaxies have hidden AGN optical emission lines and b) most 
of these 17 will not feature absorption lines. Three of these ^ 17 galaxies have already 
been identified as AGN in table B.1. Therefore, ^ 14 objects classified as "Galaxy" in 
column 4 of table B.1 are misidentified AGN. The effect of these misidentifications on 
SGP RASS cluster lists is discussed in § 4.1.1. 
3.7 Summary 
In this chapter we have described the observing and reduction methods employed dur- 
ing the spectroscopic follow -up of SGP RASS cluster candidates. These methods have 
resulted in typical galaxy redshift errors, bz ^ 10 -4, that are negligible in comparison 
to cluster velocity dispersions. The spectral information gained from 311 objects that 
surround 133 candidates is summarized in table 13.1. Every line of this table represents 
the spectral information from a different object. We have attempted to classify the ob- 
served emission line galaxies as AGN or X -ray faint galaxies and these classifications are 
listed in column 4 of table B.1. Objects that lie inside the X -ray error circle are marked 
by a O in column 5. (If only a single object was found in the error circle, that object 
is marked by a 0). Objects that resembled a cD galaxy, based on their appearance 
on the UKST plates, are flagged as such in column 6. Note that the cD flag is only 
meant as a guide, and not as a thorough classification of these galaxies. In chapter 4, 
the information gained from the spectroscopic follow -up is combined with cluster data 
available in the literature to produce a redshift sample of SGP RASS clusters. Possible 
improvements to the object classification scheme and to the spectroscopic follow -up in 
general are described in chapter 6. 
3.7.1 Example Spectra 
We present here 18 spectra obtained during the spectroscopic follow -up that have been 
produced using the REDSHIFT programme, § 3.5.1. Representative spectra from each 
detector and spectral type are shown, as described in table 3.9. The manually determined 
redshift for these spectra, where available, is given in the top right corner of each plot. 
If solid curves are plotted above the raw data, these represent smoothing of that data 
by the number of pixels listed in table 3.9, column 6. Note that the objects associated 
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Figure 3: Spectra 1 and 2; example galaxy spectra from the Tek -RGO (1) and the 
IPCS (2). 
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Figure 3:4': (continued) Spectra 3 and 4; example galaxy spectra from the Tek -RGO (3) 
and the RPCS (4). 
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Figure 3?: (continued) Spectra 5 and 6; example low signal to noise galaxy spectra from 
the RPCS (5) and the Tek -RGO (6). 
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Figure 3.3k (continued) Spectra 7 and 8; example emission line galaxy spectra from the 
Tek -RGO (7) and the IPCS (8). 
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Figure 3:1-; (continued) Spectra 9 and 10; example AGN spectra taken with the Tek- 
RGO. 
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Figure 33° (continued) Spectra 11 and 12; example AGN spectra taken with the Tek- 
RG O. 
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Figure 3.7: (continued) Spectra 13 and 14; example BL Lac. spectra taken with the 
Tek -RG 0. 
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Figure 3 (continued) Spectra 15 and 16; example stellar spectra taken with the Tek- 
RGO. 
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Figure 37: (continued) Spectra 17 and 18; example template spectra used in the XCORR 
redshift determination, taken with the IPCS (17, stellar) and the Tek -RGO (18, galaxy). 
Chapter 4 
The SGP RASS Cluster Sample 
This chapter is concerned with the construction of the SGP RASS Cluster Sample 
(SRCS). The SRCS constitutes a sample of 154 SGP RASS clusters, complete with red - 
shifts, that have been identified, to date, during the course of the SGP RASS Cluster 
Project. The SRCS clusters form a subset of the 345 cluster candidates presented in 
table A.2. The respective candidates were confirmed as clusters using a combination 
of the results from the spectroscopic follow -up, chapter 3, and optical cluster redshifts 
available in the literature. Another 36 candidates have been identified as contaminating 
objects, i.e. stars and AGN. The processes by which candidates were classified as clus- 
ters or contaminating objects are described in § 4.1 and § 4.2 respectively. Many of the 
candidates referred to in these sections have been illustrated, via their CUOC finding 
charts, in appendix C. The methods by which redshifts were assigned to the 154 SRCS 
clusters are also described in § 4.1. The X -ray and optical properties of the SRCS are 
discussed in § 4.4. Eleven subsamples of the SRCS, which represent differing selection 
methods and flux limits, are introduced in § 4.6. The spatial correlation function of 
these subsamples is presented in chapter 5. 
4.1 Cluster Redshifts and Classifications 
4.1.1 Cluster Redshifts from the Spectroscopic Follow -Up 
By process of elimination, any candidate observed during the spectroscopic follow -up and 
not flagged as a contaminating object, §4.2.3, was assumed to be an X -ray cluster. In 
total, 98 candidates were classified as clusters in this way. Redshifts for these 98 clusters 
were determined by using the respective galaxy redshifts presented in table B.1. A 
mean of the galaxy redshifts obtained around each candidate was taken to be the cluster 
redshift. Observations of certain objects were not used to derive this mean and these 
are indicated with a * in table B.1. (Such objects include foreground stars, galaxies 
with inaccurate redshift measurements etc. ) Note that when XCORR and manually 
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MASOL 
no. 





0733023 0.0681 2 S 987 0.0693 20 
0763040 0.3125 1 51077 0.3169 42 
0792131 0.0921 3 A2440 0.0912 24 
0813011 0.1082 2 A2554 0.1117 29 
Table 4.1: Details of 4 SRCS clusters with both SF and n9:i literature redshifts, which 
were used to estimate the error on the SF redshifts. 
determined redshifts were both available for a certain galaxy, the manually determined 
redshifts were not used to determine the cluster redshift, unless marked otherwise by a f, 
see § 3.5.6. The mean cluster redshift and the number of galaxy redshifts used to derive 
it, ng i, are listed in table A.2, columns 9 & 10. Hereafter we refer to cluster redshifts 
obtained during the spectroscopic follow -up as `SF redshifts', to avoid confusion with 
cluster redshifts taken from the literature. 
We have estimated the error on the SF cluster redshifts using four clusters for 
which accurate redshifts exist in the literature. The literature redshifts, zl=t, were de- 
termined using at least 20 galaxies and are compared to our redshift determinations, 
zsF, in table 4.1. The range in redshift discrepancy (zt=t - zsF) for these four clusters 
is 300kms -1 --> 1300kms -1. Not surprisingly, the largest discrepancy comes from a SF 
redshift based on only one galaxy redshift. These values are compatible with the ob- 
served range in cluster velocity dispersion; median value o = 744kms -1 and maximum 
value av = 1330 kms -1 (Zabludoff et al. 1990). We, therefore, estimate that the typical 
error on the SF cluster redshifts presented in table A.2, column 9 is 1000 km s -1. In all 
but six cases, the galaxy redshifts used to find the cluster redshift were in agreement to 
less than this error margin. However, for the clusters corresponding to MASOL sources 
0034057, 0104188 (figure C.10), 0733059, 0773037, 0863044 (figure C.33) & 0903036, the 
galaxy redshifts were more discrepant. The reason for the redshift spread in these cases 
could be the result of either; a) inaccurate galaxy redshifts, b) projection effects or c) 
sub -clustering. A possible example of the latter case is Abell cluster 2686, candidate 
0863044, which is a known binary clusters, such clusters are known to have prevalent 
sub -clustering, e.g. Briel ce 14 (1991). 
There are eleven candidates for which the identification as a cluster remains specu- 
lative. In these cases a z z 0.11 emission line galaxy lay within the confines of the X -ray 
error circle. It was shown in § 3.6.4 that 55% of such galaxies may be AGN that were 
'Binary clusters are dominated by two galaxies of roughly equal magnitude. 
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not readily identifiable because most of their emission lines were redshifted out of the 
observing window. As a result these 11 "clusters" have been assigned to cluster type 4, 
§ 4.1.3, which indicates that the identification remains provisional. Another borderline 
case, 0144092, figure C.14, was assigned to cluster type 3. In this case, the source was 
identified with a z = 0.2323 cluster (n9 i = 3), but an emission line, z = 1.106, galaxy 
was also found inside the X -ray error circle. 
There are 30 candidates in table A.2 for which the cluster redshift has been derived 
from a single galaxy. In nine cases there is evidence from the literature and /or from the 
spectroscopic follow -up2 that the galaxy does indeed lie inside a cluster, in which case 
the cluster redshifts derived from it will be inaccurate to S y = 1000 km s-1. However, in 
the other 21 cases it is impossible to judge whether that galaxy lies in the cluster or not. 
In addition the identification of the candidate as a cluster must remain tentative if a) 
there are objects inside the X -ray error circle without spectra or b) the observed galaxy 
shows emission lines and lies at z > 0.11. In either case, the true candidate identification 
could be an AGN. The 30 n9 i = 1 clusters were given a variety of classification flags, 
as described in §4.1.3. 
In summary, we have identified 98 of the candidates in table A.2 as clusters based on 
the observations made during the spectroscopic follow -up. These clusters are referred to 
hereafter as "spectroscopically confirmed clusters ". Redshifts have been assigned to these 
clusters by taking the mean of the available galaxy redshifts, unless those redshifts are 
inaccurate or relate to foreground or background objects. The typical error on the cluster 
redshifts is of the same order as measured cluster velocity dispersions, 6v = 1000 km s-1. 
In general, we assume that we can measure the redshift of an X -ray cluster to within 
that error, if 2 or more concurring galaxy redshifts are available. For candidates in which 
emission line z > 0.11 galaxies lie inside the X -ray error circle, we expect that up to 55% 
of the identifications (as clusters) are in error. 
4.1.2 Cluster Redshifts taken from the Literature 
Candidates in table A.2 for which redshift information was available in the litera- 
ture were identified by performing separation analyses with three optical cluster samples 
described in § 1.3.1; Abell clusters (Abell 1958, ACO), EDCC clusters (Lumsden et 
al. 1992) and APM clusters (Dalton et al. 1992). The separation analyses were per- 
formed by Ebeling at MPE in the same manner as described in § 2.1.3. Redshifts were 
available in the literature for 83 of the optical clusters associated with SGP cluster can- 
didates. The redshift information was taken mainly from the Andernach et al. (private 
2From additional, inaccurate, galaxy redshifts that were not used to determine the cluster redshift. 
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MASOL id. Abell id. redshift n<9a1 source redshift ni source 
0014055 A 2911 0.0205 4 Z-CAT 0.07961 8 Andernach 
0034049 A 2988 0.0649 ? Z-CAT 0.1150 ? Andernach 
0034122 A 284 0.0635 5 Z-CAT 0.05621 9 Andernach 
0723060 A 3854 0.1214 ? Z-CAT 0.15031 33 Andernach 
0803046 A 2764 0.0710 4 Z-CAT 0.06471 3 Andernach 
0873061 A 22 0.1432 1 Z-CAT 0.06341 5 Andernach 
0903078 A 2829 0.0510 2 APM 0.10001 11 Andernach 
Table 4.2: Details of 7 optical clusters for which redshifts estimates disagree in the 
literature. A ? indicates that of value of ni á1 is unavailable. A t indicates which redshift 
value was adopted in table A.2. 
communication) compilation of Abell cluster redshifts. Additional information was taken 
from Z-CAT3 (Huchra et al. , private communication), Nichol (1992), Dalton (1992) and 
Crawford et al. (1994). The cluster redshift, the number of galaxy redshift used to de- 
rive that redshift (n9'á1), the optical cluster identification and the separation between 
the optical cluster and the ROSAT position are listed in columns 11 -* 14 of table A.2. 
Note that there are a total of 151 associations between SGP RASS cluster candidates 
and Abell clusters and these associated are listed in table A.2 regardless of whether that 
Abell cluster has a zht or not. 
A key, see table A.1 to the source of the redshift information in each case is given 
as a superscript in column 11. If more than one redshift value was available in the 
literature for a certain cluster, we adopted the value with the highest, n9`a1. Among the 
clusters with more than one independent literature redshift, there were 7 cases in which 
the redshifts were discrepant by more than 8v = 1000kms -1. These cases are listed 
in table 4.2 and a t marks the adopted redshift. Note that in the case of Abell 2988 
(ROSAT source 0034049) neither redshift was used. 
The value of n9á1 varied considerably among the 83 literature cluster redshifts, as 
demonstrated by table 4.3. In this table, the distribution of nai l is listed for a) 27 cases 
where spectroscopically confirmed clusters are associated with optical n191 > 1 clusters 
[ "lit. + SF ", column 3] and b) 56 cases where n19á1 > 1, but the corresponding candidate 
was not observed during the spectroscopic follow -up [ "lit. only ", column 2]. In the 27 
cases where both SF and literature redshifts were available, the redshift value adopted 
for the purposes of correlation function studies is marked in table A.2 with the symbol *. 
For example, if the literature and SF redshifts were in agreement, i.e. less than a typical 
cluster velocity dispersion (Sv á 1000 km s -1), then it was assumed the redshift based on 
3 Z -CAT is an electronic listing of the two Abell catalogues which included all cluster redshifts obtained 
during the CfA surveys, e.g. Huchra et al. (1990), as well as a literature compilation. 
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nl`t 
gal lit. only y lit. + SF 
n < 2 11 16 
2<n <5 9 6 
5<n<10 12 1 
10 < n < 20 10 1 
n > 20 14 3 
total 56 27 
Table 4.3: Distribution of the number of galaxies, used to determine redshifts for gal 
optical clusters associated with SGP RASS cluster candidates. The distribution is listed 
separately for the 56 clusters not observed (column 2) and for the 27 clusters which were 
observed (column 3) during the spectroscopic follow -up. 
the highest ngai value was the more accurate, (e.g. 0014072, figure C.1). Alternatively 
if the two values disagreed (e.g. 0074105, figure C.5), or if the n9=á1 = n, then the 
SF redshift was adopted, because this redshift was obtained using galaxies known to be 
close to the X -ray position. 
The literature and SF redshifts for these 27 clusters are shown in figure 4.1. In 
figure 4.2 the residuals of (lzi :t - zspj) are shown as function of separation between the 
optical catalogue and RASS positions. It can be seen from figures 4.1 & 4.2, that there 
are three cases where the literature and SF redshift measurements are in significant dis- 
agreement. For these three cases, the MASOL number, optical cluster identification, 
redshift discrepancy, values of n9`á1 & n9 i and the separation between the optical and 
X -ray positions are given in table 4.4. Notice that the value of n9á1 is < 2 in each case 
and the broad range in optical to X -ray separations; 37" < Ap < 161 ". Based on these 
results we have made the following judgements regarding the use of literature redshifts; 
1) Approximately 20% of the literature clusters redshifts based on n9á1 < 2 are in error. 
2) The separation between optical and X -ray centre cannot be used to determine the 
reliability of the literature redshift information. 
The other 56, "lit. only ", candidates were assumed to be clusters and have been 
assigned redshifts from the literature. From the discussion above, we assume that 2 of 
these 56 literature redshifts are incorrect. (Where 2 ^ 0.2 x 11, and 11 is the number of 
n9fáf < 2, n9 [ = 0 clusters, see table 4.3.) However, in the absence of spectral information 
the cluster identifications remain unconfirmed. We have attempted to assess the errors 
associated with these identifications using; a) the data in the CUOC (§ 2.2) and b) the 
results from the spectroscopic follow -up. 
We have compared (by eye) the CUOC finding charts, e.g. those featured in appendix 
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Figure 4.1: Comparison of literature and SF redshift values for 27 SRCS clusters. The 
line of zut = zSF is also shown. 
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Figure 4.2: Difference between literature and SF redshifts, IzUt - zSFI , for 27 SRCS 
clusters as a function of separation between optical cluster and RASS source positions. 
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MASOL no. Abell no. Oz n9`á ng i 0" 
0074105 A 199 0.0579 0 1 161 
0144162 A 286 0.0841 1 1 37 
0723084 51066 0.0701 2 3 131 
Table 4.4: Details of 3 SRCS clusters for which the literature and SF redshifts disagree. 
The discrepancy in the redshifts is listed in column 3, the number of galaxies used to 
derive each redshift in columns 4 & 5 and the separation in arcseconds between the 
optical cluster and RASS source positions in column 6. 
C, for spectroscopically confirmed clusters and contaminating objects and looked for 
trends that could distinguish these types of X -ray sources in the absence of spectroscopy. 
It was found that when the X -ray error circle around a candidate position contained 
only a single object in the CUOC, the chance that the candidate was a cluster decreased 
significantly. Of the 36 candidates that were rejected from the candidate list, 28 had 
a single object in the X -ray error circle, 22 of these being AGN, the rest being stars. 
In comparison, among the spectroscopically confirmed clusters in table A.2, only 17% 
had a single object (a galaxy) inside the X -ray error circle. We predict that, in the 
absence of spectral information, the identification of a candidate with a cluster will 
be in error at the 55% level, if that candidate's X -ray error circle contains a single 
galaxy . This prediction is based on the ratio of AGN to normal galaxies (22:17) among 
the optically identified, centrally dominant galaxies. Of the 56 "lit. only" candidates, 
there are 7 which feature a single, central galaxy. Although these 7 candidates have 
still been classified as clusters, they have been given classification flags, §4.1.3, that 
demonstrate that additional spectroscopic information would be required to make a 
definitive identification (e.g. 0723060 & 0903060 figures C.18 & C.38). 
In the other 49 "lit. only" cases, we have estimated that 7% of the candidates are 
not clusters. This estimate is based on the fact that, of 123 candidates associated with 
Abell clusters that were studied during the spectroscopic follow -up, 6 were shown to be 
contaminating objects and 2 were not identified. As the projected margin of error in the 
candidate identification is so low in these cases, we have chosen to classify these clusters 
only according to the quality of their respective redshift information. 
In summary, there are 83 SGP RASS candidates in our flux -limited sample that are 
associated with optical clusters for which redshifts exist in the literature. These redshifts 
have a 20% chance of being in error if only 1 or 2 galaxies were used to derive them. We 
have identified 56 candidates, for which spectroscopy is not available, as X -ray clusters 
and have assigned redshifts to them on the basis of their association with optical clusters. 
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Seven of these identifications remain provisional as their respective X -ray error circles 
contain only a single galaxy, which has been shown to indicate the presence of an AGN 
in 55% of cases. 
4.1.3 Classification Scheme 
By combining the spectroscopic data with cluster redshifts in the literature we have 
been able to assign cluster redshifts to a total of 154 of the cluster candidates listed 
in table A.2. From the discussions above, it is apparent that at least some of these 
candidates may not be clusters. In addition, there are cases where the assumed cluster 
redshift is inaccurate. As a reflection these problems, the 154 clusters have been flagged 
according to a) the certainty of the candidate identification and b) the accuracy of the 
cluster redshift. There are four categories of cluster classification, types 1 --> 4, where 
type 1 indicates a solid identification with reliable redshift information and where type 
4 indicates a tentative identification and /or redshift. Despite the obvious subjectivity 
of these classifications, they are included in table A.2 aid other groups who may wish 
to use the ROSAT SGP Cluster sample in future. The basic premises on which each 
classification class was based are described below. 
Type 1 clusters: Among the 154 clusters in table A.2, 90 have been assigned to cat- 
egory 1, reflecting the fact that they have secure identifications and reliable redshifts 
e.g. 0823080, 0813014, 0753052, 0893097, figures C.28, C.27, C.24, C.36 respectively. 
In these cases there is no reason to doubt that a) the RASS source originates in a cluster 
and b) the dominant X -ray source in that cluster is the hot intracluster gas and not 
any X -ray emitting galaxies found therein. To be included in this cluster category, the 
candidates had to meet either of the following criteria; 
From the spectroscopic follow -up; a) ng i > 2, b) the galaxy redshifts differed by 
less than 5v = 1000 km s -1 and c) evidence that there are no X -ray bright point 
sources within the error circle. 
From the literature; nut > 3 and an X -ray error circle containing more than one gal - 
object. 
Type 2 clusters: There are 12 candidates in table A.2 which would require more spectro- 
scopic information in order to make a definitive identification as a cluster, e.g. 0094217 
& 0723060, figures C.9 & C.18. However, if the candidates are clusters, then we are 
confident that we have measured their redshifts accurately. Candidates that meet either 
of the following criteria were flagged as type 2 clusters; 
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From the spectroscopic follow -up, n91 > 2, but none of the observed galaxies were 
closer than than 1' from the X -ray position. N.B. A study of the Schmidt plate 
must have also shown that there are no objects inside the error circle. 
From the literature; n`9á1 > 3, but there is a single, cD type, galaxy in the X -ray 
error circle for which a spectrum does not exist. 
Type 3 clusters: There are 38 candidates in table A.2 which were assigned to cluster 
category 3, e.g. 0104188, 0144092 & 0733059, figures C.10, C.14 & C.19. One of these 
candidates, 0144092, was described above, §4.1.1, the others met at least one of the 
following criteria; 
From the spectroscopic follow -up; ng 1 = 1, excluding z > 0.11 emission line 
galaxies. 
From the spectroscopic follow -up; the galaxy redshifts used to determine the cluster 
redshift were discrepant by more than by = 1000kms -1. 
From the literature; nl`gat 
r 
< 2. 
From the literature; n9á1 > 3, but the candidate has a centrally dominant galaxy 
which resembles an AGN on the Schmidt plate. 
Flag 4 clusters: There are 14 candidates (e.g. 0174111 & 0843100, figures C.17 & C.29) 
in table A.2 for which their identity as X -ray clusters must remain provisional for any 
of the following reasons; 
From the spectroscopic follow -up; a z > 0.1 emission line galaxy falls inside the 
X -ray error circle. 
From the spectroscopic follow -up; there is only 1 galaxy redshift available and this 
is inaccurate. 
From the spectroscopic follow -up; none of the observed galaxies were closer than 
1' from the X -ray position and a study of the Schmidt plate has shown that there 
are objects inside the X -ray error circle. 
4.2 Contaminating Objects 
The specifications of the cluster candidate selection, § 2.3.2, were such that 15% of 
the candidates listed in table A.2 were expected to be contaminating objects, i.e. X- 
ray bright stars and galaxies. We describe briefly below the X -ray properties of these 
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contaminating objects and introduce a scheme by which they can be excluded from the 
candidate list. 
4.2.1 Galaxies 
Almost all of the contamination in the cluster candidate list presented in table A.2 is 
from galaxies of some kind. The X -ray properties of various galaxy types are summa- 
rized below. 
Spiral galaxies are extended and complex X -ray sources with total luminosities in the 
EINSTEIN band (- 0.2 - 3. keV) of N 1038 -> 1041 erg s -1. It is thought that the collec- 
tive emission from individual bright sources, such as accreting binaries and supernova 
remnants are responsible for spiral galaxy X -ray emission, Fabbiano (1989). 
Starburst galaxies, § 3.6, have X -ray luminosities in the range 1039 ---> 1042 erg s -1 in 
the EINSTEIN band, Griffiths & Padovani (1990). The source of the X -ray emission is 
thought to be supernova remnants or massive young stars. 
Elliptical and giant elliptical, § 3.6, galaxies are surrounded by a hot gaseous halo which 
emits thermal X -rays. The luminosity range for elliptical galaxies is 1039 -> 2 x 
1042 erg s -1 in the EINSTEIN band (Fabbiano 1989, Ikebe et al. 1992). 
Active galactic nuclei have X -ray luminosities in the EINSTEIN band of 5 X 1042 -4 
2 x 1046 erg s -1 (Comastri et al. 1992, Schwartz & Ku 1983). The nature of the AGN 
X -ray emission is uncertain, although it is widely believed that it might be associated 
with the activity induced by a central compact object, e.g. a massive black hole. 
We have attempted to predict the effect of X -ray galaxies on the cluster candidate 
list by estimating ROSAT PSPC fluxes for each galaxy type as a function of redshift 
and intrinsic luminosity. Fluxes in the EINSTEIN energy band were calculated from the 
luminosities quoted above using equation 2.6. These EINSTEIN fluxes were then con- 
verted into ROSAT PSPC fluxes, using conversion factors presented in the UK ROSAT 
Announcement of Opportunity (1991). Figures 10.21 & 10.22 of that document were used 
to predict the fluxes of thermal and power -law sources respectively. We have calculated 
the maximum redshift at which a particular galaxy type will have a flux greater than 
our ^ 1 x 10 -12 erg s -1 flux limit, and have listed these redshift values in table 4.5. 
From table 4.5 it can be seen that spiral, starburst and regular elliptical galaxies have 
minimal effect on a flux limited cluster candidate list because they are comparatively 
weak X -ray sources, whose fluxes only exceed the flux -limit at low redshifts. Giant 
elliptical galaxies, on the other hand, may enter the candidate list at redshifts up to 
z ^ 0.06. These Lx z 1042 erg s -1 galaxies correspond to a subset of cD galaxies and 
are, consequently, found only in clusters, Fabbiano (1989). However, their presence in 
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Galaxy Type Flux Conversion Luminosity Max. 
Redshift Emission Parameter Factor 
Spiral Thermal T> 3keV 2 1 x 1038 erg s -1 0.0005 
1 x 1042 erg s -1 0.0138 
Starburst Thermal 2 <T< 30keV 2 1 x 1039 erg s -1 0.0014 
1 x 1042 erg s -1 0.0460 
Elliptical Thermal 1 <T< 2 keV 2 1 x 1039 erg s -1 0.0014 
2 x 1042 erg s -1 0.0640 
AGN Power -law a = 0.7 1 5 x 1042 erg s -1 0.0320 
1 x 1044 erg s -1 0.3940 
2 X 1046 erg s -1 - 
Table 4.5: The maximum redshift (column 6) at which a galaxy of a certain type 
(column 1) and EINSTEIN luminosity (column 5) has a PSPC flux in excess of 
- 1 x 10 -12 erg s -1 cm -2. The fluxes have been calculated using the conversion fac- 
tors (column 4) presented in the UK ROSAT Announcement of Opportunity (1991). 
The conversion factors are dependent on spectral type and properties (columns 2 & 3). 
a flux -limited sample of clusters still represents a contamination because they boost the 
flux of the cluster and make it harder to model the mass function of the sample. It would 
be impossible to distinguish between X -ray bright and X -ray faint cD galaxies in our 
clusters detailed We have, therefore, assumed that the 
presence of X -ray bright cD galaxies will make only a second order effect on the statistical 
properties of a given X -ray cluster sample and have retained in our candidate list those 
sources associated with z S 0.06 cD galaxies. We recognise that this simplification may 
bias the cluster samples presented in §4.6 toward low luminosity systems at low redshift. 
It can be seen from table 4.5 that contamination by AGN is a more serious concern. 
These objects can be up to ti 100x brighter than an X -ray cluster and have PSPC fluxes 
that exceed z 1 x 10 -12 erg s -1 cm -2 even at high redshift. Therefore, it was decided to 
exclude from the cluster candidate list all sources that were close (within the confines of 
the lo- X -ray error circle) to an optically confirmed AGN. This simple scheme may have 
been inappropriate for the following sources; 0084242, 0134162, 0144172 (figure C.15), 
0763011, 0803007, 0873078 (figure C.34), 0893034 & 0903046 (figure C.37), where the 
RASS source appears to be associated with both an AGN and a cluster4. In principle the 
flux due to the intracluster gas can be calculated by subtracting the AGN contribution. 
However, this type of analysis is beyond the scope of the RASS data. N.B. In the case of 
candidate 0144172, the central galaxy was classified as an AGN by applying the criteria 
described in § 3.6, however, this was a borderline case and the central object may in fact 
4The AGN may be inside the cluster or along the same line -of- sight. 
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be an emission line cD galaxy. 
4.2.2 Stars 
X -ray emission has been measured from many stellar types, the strongest X -ray emitters 
being dwarf stars, early type stars and accreting binaries, see Rosner et al. (1985) for a 
review. Stellar X -ray sources are typified by luminosities in the range 1026 --S 1032 erg s -1 
and soft X -ray spectra. We do not expect stellar contamination to be very significant 
in our cluster candidate list, because of a) the hardness ratio threshold imposed on our 
sample (§ 2.3.2) and b) the high Galactic latitude of the SGP region. Based on the 
arguments in Stocke et al. (1991), we have excluded sources from our candidate list, for 
which a bj < 13 star lies inside the X -ray error circle, e.g. 0743009, figure C.21. (Stocke et 
al. concluded that probability of finding such stars by chance inside the EINSTEIN X -ray 
error circles was very low, because of their rarity.) Note that the COSMOS star /galaxy 
separation can break down in the crowded fields of cluster cores. Therefore, the raw 
plate material was always inspected before a source close to a bi < 13 CUOC "star" was 
rejected. 
It has been shown (Fleming, personal communication) that optically fainter stars 
have been detected during the RASS , for example M dwarfs to V = 17. We have 
provisionally excluded two candidates as faint (b; > 13) dwarf stars. In the case of 
candidate 0853043 (figure C.30) the only spectrum available is for a b; = 15 magnitude 
star inside the error circle, which has been tentatively classified as an M dwarf. The 
identification, as a white dwarf, of a star close to candidate 0124051 is more solid, see 
figures 3.6 (spectrum 15) & figure C.12. However, we have reason to suspect that a 
cluster is the dominant X -ray source along that line -of -sight to this candidate; a) the 
star lies outside the X -ray error circle and b) the source has a measured SASS extent of 
84 ". 
4.2.3 Classification Scheme 
There are 36 candidates in table A.2 which have been classified as contaminating objects 
because they met one of the following criteria; 
1. A bi < 13 star fell inside the X -ray error circle (6 cases) 
2. An AGN fell inside the X -ray error circle (26 cases) 
3. The X -ray position coincided with a very low redshift, z , 0.015, spiral galaxy 
(2 cases). 
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4. A dwarf star was found close to the X -ray position (2 cases). 
These candidates have been flagged in column 15 of table A.2 by the numbers 8 & 9. 
The object type thought to be responsible for the RASS source is listed in column 16. 
In the case of the three flag 9 candidates, we have reason to doubt that identification 
with a contaminating object is correct. These candidates; 0124051, 0144172 & 0853043, 
have been discussed above. 
4.3 Candidates with no Identification 
There are a total of 155 SGP RASS cluster candidates in table A.2 that remain to be 
identified as clusters or contaminating objects. The majority s 80% are likely to be bona 
fide fx z 1 x -12 ergs -1 cm -2 X -ray clusters. Of these 155 candidates, 23 appear to be 
highly likelihood clusters based on their galaxy distribution in the CUOC, e.g. 0743011 
and 0863043, figures C.22 & C.32. These candidates have been given the classification 
flag 5. In addition there are three entries in table A.2, which have been given the flag 
7. For these candidates, information is available from the spectroscopic follow -up, but 
it is not not sufficient to identify the X -ray source. For example, for both candidates 
0733077 & 0853062 (figures C.20& C.31 ) two galaxy redshifts are available, but they are 
too discrepant to be drawn from a common cluster, see table B.1. In the case of candidate 
1044097 (figure C.39), we have failed to find a galaxy at a concurring redshift to the 
central cD -type galaxy. The remaining 129 unidentified candidates have been placed in 
category 6. The fact that almost half of the entries in the flux -limited SGP RASS cluster 
candidate list have neither been confirmed as being clusters nor have available redshift 
information, means that the redshift cluster samples presented in § 4.6 are incomplete 
by up to 50 %. Part of the reason for this incompleteness was the alteration made to 
the SASS count rates in the latter stages of the spectroscopic follow -up, § 2.4.2. Future 
plans to extend the spectroscopic follow -up are discussed in chapter 6. 
4.4 X -ray and Optical Properties of Identified Objects 
With the aim of improving RASS cluster candidate selection in the future, we have 
investigated the optical and X -ray properties of the 154 clusters and 36 contaminating 
objects identified in table A.2. 
4.4.1 X -ray Properties 
Figures 4.3 and 4.4 show the distribution of the SASS determined extents, extent like- 
lihoods and hardness ratios for the 154 SRCS clusters () and 36 identified contami- 





HR = 0.5 ± 0.3 
HR = 0.2 i 0.3 
mean clusters 43" ± 37" 
extent contaminants 17" + 20" 
Table 4.6: The mean X -ray properties of SRCS clusters and contaminating objects. 
nating objects (0). The average extent and hardness ratios for the two object types 
are compared in table 4.6. From figure 4.4 and table 4.6 it can be seen that only one 
contaminating object, 0124051, has an extent more than 3o-, i.e. > 77 ", from the mean 
value. This fact led to the suspicion, §4.2.2, that this source, identified in table A.2 as a 
white dwarf, may in fact be a cluster. 
In chapter 2, we discussed two methods of count rate determination; SASS (§ 2.1.1) 
and VTP (§ 2.3.3). A comparison of these two flux determinations is made in figures 4.5 
& 4.6 for the 136 clusters for which VTP count rates are available. The ratio of VTP 
to SASS count rate is plotted as a function of redshift in figure 4.5 and as a function 
of SASS extent in in figure 4.6. There are weak correlations in both plots; in figure 4.5 
there seems to be a trend for the count rate discrepancy to increase with decreasing 
redshift and in figure 4.6 the discrepancy appears to be an increasing function of SASS 
extent. These results suggest that SASS systematically underestimates the count rates 
from nearby, extended clusters, because the emission extends beyond the SASS detect 
windows. However, when trying to decide which method is the more inappropriate for 
cluster descriptions, there are other considerations to take into account. For example 
SASS count rates are less contaminated by background photons than are VTP count 
rates, Ebeling (1994). From the information available, there do not seem to be any 
compelling reasons to adopt VTP over SASS as the method of count rate determination, 
especially when one considers that only 75% of the SGP RASS cluster candidates have 
available VTP count rates, § 2.3.3. Therefore, in §4.6 we have constructed flux -limited 
cluster subsamples using both methods. 
Turning now, to possible improvements in cluster selection, we consider whether 
selection on the basis of extent is a more efficient method way to identify clusters in 
the RASS than selection on the basis of digitised plate material. Only 14% of identified 
contaminating sources show X -ray extents greater than 37 ", i.e. more than la from 
the mean. This compares to 55% of all identified clusters. Therefore, if one selected 
as clusters candidates all sources with extents > 37 ", then that candidate list would 
suffer from only 6% contamination. (Where 6 o.14x36 0.55 x 154 x 100.) In addition such 
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Figure 4.4: X -ray extent versus hardness ratio for SRCS clusters and contaminating 
objects. 
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a candidate list would have been selected on X -ray criteria alone. However, it would 
incorporate somewhat less than 55% of all Z 1 x 10 -12 erg s -1 cm -2 clusters, which is 
obviously a disadvantage. 
The applicability of an extent selected candidate list to statistical studies, such as 
of the spatial correlation function or the luminosity function, has been investigated in 
figure 4.7. In this figure, we have plotted redshift histograms for the 84 extent > 37" 
and the 70 extent < 37' identified SGP RASS clusters. As expected, there is a tendency 
for extended clusters to lie at lower redshifts. However, the distributions look broadly 
equivalent and a Kolmogorov-Smirnov test reveals that there is only a 54% chance that 
the two cluster samples were drawn from different redshift distributions. In other words, 
there are no significant systematic effects that would bias the statistical properties of an 
extent > 37" cluster sample over a complete flux -limited cluster sample. Whereas there 
are too few extent > 37" clusters in the SRCS to be able to perform useful correlation 
analyses, we recommend that future RASS cluster identification programmes concentrate 
on X -ray properties for cluster selection and not on digitised galaxy distributions. To 
this end, we also point out that contamination in the cluster candidate list can be further 
reduced by the application of a higher hardness ratio threshold. From figure 4.4 we can 
see that contaminating objects rarely have hardness ratios higher than HR > 0.5. Of 
the 78 identified objects with hardness ratios greater than 0.5, 90% are clusters. 
4.4.2 Optical Properties 
It was stated in § 4.1.2 that majority of the identified contaminating objects in our 
candidate list were the sole object in the X -ray error circle. We have investigated whether 
this observation could have been predicted from the CSEARCH probabilities (§ 2.3.2). 
Various tests were made to see if the CSEARCH probability patterns in the 5 search rings 
differed between known clusters and known contaminating objects, with null results. 
Therefore, it does not appear to be possible to make a priori judgements as to the 
identification of an X -ray source using the distribution of CSEARCH probabilities. 
4.4.3 Abell Clusters as a Possible Selection Method 
We make a slight departure here to access a selection method that was not used to 
construct the SGP RASS cluster candidate list, but which is very common among other 
cluster groups working with RASS data; namely separation analyses with the Abell cata- 
logues. Groups such as Ebeling et al. (1992) and Briel & Henry (1993) adopt this as the 
sole method of selection for their RASS cluster samples. The SRCS, having been selected 
entirely without the assistance of the Abell catalogue, provides an useful control sample 
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Figure 4.6: Ratio of VTP to SASS count rates for 136 SRCS clusters versus cluster 
extent. 
Chapter 4: The SGP RASS Cluster Sample 112 
Clusters with extents > 37 aresecs 
1 
0.1 0.2 0.3 
Redshift 







Figure 4.7: A comparison of the redshift distributions of (top) the 84 SRCS clusters that 
have X -ray extents greater than 37" and (bottom) the 70 SRCS clusters with extents 
less than or equal to 37" 
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with which to assess the systematic errors in these other, Abell selected, RASS cluster 
samples. 
There are three points to be addressed with regard to the use of the Abell catalogues 
as a selection tool; 
1. How many Abell clusters are X -ray emitters? 
2. Will the selection biases in the Abell catalogue, § 1.3.2, have an adverse effect on 
the statistical properties of X -ray cluster samples? 
3. What is the incompleteness in the Abell catalogues, i.e. how many X -ray clusters 
are not listed therein? 
The first point has been dealt with thoroughly by Ebeling et al. (1992); they find that 
18% of Abell clusters have PSPC fluxes greater than 7 x 10 -13 erg s -1 cm -2. The 
second point has been addressed by Nichol et al. (1994a, § 1.3.1), who have shown 
that it is possible to purge Abell cluster samples of projection biases using RASS data. 
Therefore, the most serious concern for any cluster sample selected from the RASS using 
only a separation analysis with the Abell catalogue refers to the point 3. Only 25% 
of the 154 SRCS clusters were not also flagged as Abell clusters, which leads one to 
conclude that . 75% of all Z 1 x 10 -12 erg s -1 cm -2 X -ray clusters have a corresponding 
entry in the Abell optical cluster catalogues. Note that our use of published optical 
cluster redshifts may cause this percentage to be set artificially high. In conclusion, the 
use of the Abell catalogues when making cluster identifications from the RASS does not 
adversely prejudice the cluster samples thus derived. However, the samples will have 
an intrinsic incompleteness of 25 %. In appendix C, several of the non -Abell SCRS 
clusters are featured, e.g. 0753052, 0782158, 0823080, & 0883087 (figures C.24, C.26, 
C.28, C.35 respectively). 
4.5 Cluster Distribution and Number Density 
The angular and redshift distribution of the 154 SGP RASS clusters are illustrated in 
figures 4.8 and 4.9. The mean redshift of the sample is zmea = 0.131 and the maxi- 
mum redshift is zmax = 0.375. The obvious gradient in cluster density with redshift in 
figure 4.9 is a reflection of several factors; 
The flux limit of the sample. 
Intrinsic evolution in the cluster population. 
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Figure 4.9: A Right Ascension cone diagram showing the redshift distribution of the 154 
SRCS clusters. 
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The increasing difficulty of redshift measurements. 
Figure 4.10 shows the cluster redshift distribution and figure 4.11 shows the co- 
moving number density of the S RCS as a function of redshift. The density was computed 
in shells at redshift intervals of 6z = 0.013 to increase signal to noise and to smooth out 
some of the fluctuations caused by small scale clustering. The number density falls off 
rapidly with redshift, as would be expected from figure 4.9. The dotted line in each figure 
attempts to take into account the incompleteness in the sample 45 %, see table 4.7). 
In this case 126 counts were added to the raw counts in such a way so that the shape of 
the smoothed redshift distribution was preserved. 
4.6 Eleven Samples of RASS clusters 
The SGP RASS cluster candidate list presented in table A.2 is a result of a combination 
of the results from three different selection methods (§ 2.3.2); extent, CSEARCH & a 
separation analysis with the ROE /NRL cluster optical catalogue. In addition two dif- 
ferent flux limits were applied, one related to SASS count rates and one to VTP count 
rates, § 2.4.2. Therefore, the 154 clusters listed in table A.2 do not constitute a statisti- 
cal sample. We have attempted to create statistical subsamples of the 154 SR%.S using 
more rigorous selection criteria. We present, in table 4.7, 11 subsamples which represent 
different combinations of selection method, count rate type and flux limit. For example, 
samples 1 5 contain collations of clusters using all three selection methods, but with 
differing flux limits. Alternatively, samples 5 --> 8 contain SASS flux limited cluster sam- 
ples derived from each of the three selections methods. We have chosen to present such 
a large array of subsamples because we do not know, a priori, if any particular selection 
method introduces systematic biases which might hinder the successful measurement of 
the cluster spatial correlation function. (A correlation analysis was performed on each 
sample, the results of which are presented in § 5.2.) 
The selection criteria used to derive each sample are demonstrated by the entries 
in columns 2 -* 6 of table 4.7. Columns 2 and 3 list the count rate limit and whether 
that count rate was determined by SASS or VTP analysis. Columns 4, 5 & 6 indicate 
which of the three selection methods, CSEARCH (C), extent (E) and separation analysis 
with ROE /NRL clusters (R) were used. The number of clusters (CLUS), contaminating 
objects (CONT) & unidentified candidates (UNID) that fitted these criteria are listed in 
columns 7 --> 9. The completeness estimates in column 10 refer to the ratio of clusters 
to unidentified candidates. The lower bound on the completeness for each subsample 
was estimated by assuming that every unidentified candidate was a cluster. The upper 
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Smoothed Redshift Distribution 
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Figure 4.10: A redshift histogram generated from the 154 SRCS clusters. The smoothed 
distribution (solid line) was used to generate the number density function shown in figure 
4.11. The dotted line represents the predicted redshift distribution for a 100% complete 










Figure 4.11: Co- moving space density of the SRCS 154 clusters (s) as a function of 
redshift. The number density has been calculated in volume shells Sz = 0.013 wide, 
see text. The dotted line represents the predicted number density of a 100% complete 
cluster sample. 






rate (s -1) 
(4) (5) 
method 






type limit C R E CLUS uN lip .4 {' 
1 SASS 0.07 o o 154 155 36 50 % -55% 81% 
VTP 0.1 
2 SASS 0.07 o 133 125 34 51 % -57% 80% 
3 SASS 0.1 99 81 24 55 % -60% 80% 
4 VTP 0.1 o 136 74 28 65 % -69% 83% 
46 % -51% 
5 VTP 0.2 91 25 17 78 % -81% 84% 
54 % -59% 
6 SASS 0.07 124 98 29 56 % -61% 81% 
7 SASS 0.07 97 84 24 54 % -59% 80% 
8 SASS 0.07 85 12 16 88 % -89% 84% 
9 VTP 0.1 127 61 23 67 % -71% 85% 
45 % -51% 
10 VTP 0.1 90 33 18 73 % -77% 83% 
44 % -49% 
11 VTP 0.1 94 23 14 80 % -82% 87% 
47 % -50% 
Table 4.7: Eleven subsamples of SRCS clusters. The identification number of these 
samples 1 - 11 (1) will be referred to throughout chapter 5. The method used to 
determine the count rate (2) and count rate limit (3) set for each sample are listed with 
the selection methods used. These selection methods refer to CSEARCH (4), extent 
(6) and ROE /NRL clusters (, see text. For each sample the number of clusters (7), 
contaminating objects (8) and unidentified candidates (9) that met the selection criteria 
are listed. The completeness of the cluster sample (10) is each case has been determined 
using the ratio of clusters to unidentified objects, both with and without a correction 
for cluster detection efficiency (11), see text. 
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bound on the other hand, takes into account the fact that a certain fraction of those 
unidentified candidates will be contaminating objects. This fraction was estimated using 
the efficiency of cluster detection among the identified candidates, column 11, see below. 
In the case of VTP flux limited samples, a second set of completeness estimates are 
presented. These values take into account the fact that the number of unidentified 
candidates in a VTP flux -limited list will be artificially low due to the fact that not 
every candidate has an available VTP flux, see § 2.4.2. 
The cluster detection efficiency was calculated as follows, 
CLUS 
Efficiency = 
CLUS + CONT. 
(4.1) 
There does not seem to be any clear distinction between the different subsamples, and, 
hence, selection methods, with regard to this parameter. It is interesting to note, how- 
ever, that most efficient way to detect clusters is to use a separation analysis with the 
ROE /NRL catalogue. In other words, it is possible to minimize the number of contami- 
nating objects in a RASS cluster candidate list by choosing only those X -ray sources that 
are close to optical clusters. The detection efficiency for the CSEARCH selected sample 
6, is lower than one would have anticipated from the initial selection condition that the 
contamination be less than 15 %, § 2.3.2. In practice, the contamination level is 20 %. 
This excess contamination may be a reflection of the fact that some of the identified 
contaminating objects lie along the line of sight to, or even inside, clusters, § 4.2.1. Note 
that the efficiencies quoted for the VTP flux -limited samples are misleadingly high as 
several known contaminating objects were deliberately not submitted for VTP analysis. 
4.7 Summary 
In this chapter we have drawn together spectroscopic information from our own obser- 
vations and from the literature to develop the SGP RASS Cluster Sample (SRCS) of 
154 clusters with redshifts. The identification of SGP RASS cluster candidates (as dus- 
ters or otherwise) has been shown to be a non - trivial process. In chapter 6 we develop 
some of the ideas discussed in § 2.1.2 to make suggestions for improved RASS cluster 
candidate selection and follow -up. 
It is easy to be negative about SGP RASS Cluster Project, given the incompleteness 
of the spectroscopic follow -up and the problems associated with the RASS source count 
rate determinations. Therefore, we close this chapter with the positive statement that 
the SRCS is the largest X -ray selected sample of clusters in existence and that the 
scientific results that will ultimately be drawn from it will be profound and wide -ranging. 
Table 4.8 illustrates this point by summarizing some of the major scientific results that 
have been achieved, to date, from studies of X -ray cluster samples. Chapter 5 goes on 
to describe the final entry in table 4.8, i.e. that pertaining to the work presented in this 
thesis. 
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Postscript 
As a postscript to this chapter we present two tests that were made on the SRCS. 
First we show that the SRCS is a fair subset of the initial candidate list and then go 
on to demonstrate that the internal and external errors on SRCS cluster redshifts are 
consistent. 
As shown in table 4.7, the eleven cluster subsamples of the SRCS suffer from incom- 
pleteness at the 20% to 50% level. If this incompleteness is random it will not compromise 
the conclusions drawn in chapter 5 from the measured correlation functions. We have 
tested the randomness of the incompleteness using Kolmogorov- Smirnov tests. These 
tests compare the distributions of a) right ascension, b) declination and c) SASS count 
rates, in the cluster and candidate lists. The tests assumed a null hypothesis that the 
154 clusters in the SRCS were drawn from the same underlying distribution as the 345 
candidates. It was found that the distributions of cluster and candidate positions (right 
ascension and declination) are statistically very similar (KS probability 60 %) but the 
distributions of count rates do differ. The SRCS count rate distribution has been ar- 
tificially skewed towards the bright end and there is only a one in four chance that it 
could have been produced by random sampling of the initial candidate list. This was to 
be expected from our observing strategy (§ 3.1), which was to observe the candidates 
by X -ray brightness order irrespective of angular position and optical brightness. It is 
of note that the inclusion of clusters in the SRCS on the basis of literature redshifts 
(§ 4.1.2) has not biased the sample in a positional sense. 
The implications of the bias in the count rate distribution on the cluster correlation 
function are difficult to assess to factor in both richness 
errors in count rate determination. We have decided not to correct for it when deriv- 
ing correlation functions, for fear of introducing further bias. However, when making 
comparisons with theory, § 5.4, we use predictions that were designed around the SRCS, 
i.e. using the same areal coverage, flux limit and incompleteness levels. 
In § 4.1.1 we demonstrated that the zSF values derived for four SRCS clusters were 
equivalent, to within 1000 km s-1, of externally derived, accurate, zht measurements. 
We now discuss the internal error on the SRCS cluster redshifts and whether the method 
used to find cluster redshifts from multiple galaxy redshifts, i.e. taking a simple mean, 
was valid. We have taken the 69 SRCS clusters for which multiple galaxy redshifts are 
available in table B.1 and calculated the redshift discrepancy, Az, between the galaxies 
in each cluster. (Note that of these 69 clusters, 46 have n9 = 2, 18 have n9 ¿ = 3 and 
5 have n9 i = 4.) It was found that the distribution of Az could be well approximated 
by a Gaussian function. The mean and standard deviation of Az were 600 kms -1 and 
100 km s -1 respectively. These findings are in full agreement with existing studies of 
cluster velocity distributions and dispersions, e.g. Zabludoff et al. (1990), and with the 
external error quoted in § 4.1.1. We can therefore conclude that a) the method used to 
derive cluster redshifts from multiple galaxy redshifts is valid and b) for SRCS clusters 
with n8 i = 1, the error on the derived cluster redshift will be 600 + 100 kms -1 (see 
4.1.1 for a discussion of the likelihood that the galaxy concerned is a cluster member). 
Note that no trend for increasing redshift discrepancy with redshift was found, suggesting 



















































































































































































































































































































































































































































































































































































































































































































































































































































The X -ray Cluster Correlation 
Function 
In this chapter we use the spatial correlation function to analyse quantitatively the 
large -scale described by the 11 subsamples of the SGP RASS Cluster Sample (SRCS). 
presented in § 4.6 & § 1.3.1. The definition of the spatial correlation function and results 
from existing cluster samples were described in § 1.2.6. In this chapter we describe the 
methods used to compute and parameterize the correlation function (§ 5.1) and present 
the results from each of the X -ray cluster samples in § 5.2. The implications of these 
results are discussed in § 5.3 & § 5.4. 
5.1 Estimating the Correlation Function 
A body of literature has built up over recent years regarding the best way in which 
to measure the angular and spatial correlation functions of samples of galaxies and 
clusters, e.g. Peebles (1980), Hewett (1982), Landy & Szalay (1993). In the case of our 
11 SRCS cluster samples, we needed to adopt a technique that could account for a) 
the incompleteness in the samples, § 4.6, b) for the redshift selection function, § 4.5 
and c) the sharp boundaries of the survey region, § 2.3.1. It has been shown (authors as 
above) that the easiest way to overcome problems such as these is to compare the cluster 
distribution with the distribution in a sample of points which is drawn at random from 
the same volume as the cluster sample. 
5.1.1 Creating a Random Catalogue 
The random catalogue was created to have the same boundaries as the SGP region. 
The spatial distribution of its constituent points was defined to be Poissonian. It was 
created by placing a large number of points at random within the survey volume. The 
angular selection function, figure 4.8, was assumed to be flat across the SGP region and 
122 
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Redshift Histogram for cluster sample 6 
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Figure 5.1: The redshift histograms for cluster sample 6 and a random sample of 12400 
points. The redshift distribution for the random sample is based on that of the cluster 
sample with Gaussian smoothing, iTr, = 3500kms -1 
so the angular positions of the points were simply drawn at random, with no weighting 
(e.g. to NH column density) applied. (See § 2.4.3 for a discussion of the validity of this 
assumption.) In the redshift direction, there are several selection effects (§ 4.5) that 
contribute to the distribution of the clusters seen in figure 4.9. By imposing the same 
redshift distribution on the random points as was seen in the data, one can mimic the 
selection function without the need for complicated modelling. This was achieved by 
selecting redshifts at random from a smoothed version of the data redshift histogram. 
The Gaussian smoothing (velocity width Ty = 3500kms -1) was performed to remove 
the effects of real redshift space clustering in the data histogram. Figure 5.1 shows the 
cluster and random redshift histograms derived from cluster sample 6 ( see table 4.7) 
which consists of 124 CSEARCH (§ 2.3.2) selected SRCS clusters. Here the random 
catalogue comprises some 12400 points, or 100x the size of the data sample. 
5.1.2 Correlation Function Estimators 
In § 1.2.6 we defined the two point correlation function, E(r12), to be related to the 
probability, 8P, that an object is found in both of the volume elements SV1 and 6172 
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via SP = n2SV1SV2[1 -}- E(r12)] (equation 1.7). It is possible to evaluate this equation, 
and hence measure E(r12), from a set of real data positions by measuring the spatial 
separation of pairs of data points. If we count how many distinct data pairs there are 
at each separation, r, it is equivalent to integrating equation 1.7 over the range r to 
r Sr. In our case we are counting the number of cluster -cluster pairs as a function of 
separation, Npcc(r). This count can be related to the amplitude of the cluster- cluster 
two point correlation function, Ecc(r), by, 
Npcc(r) 2n2V(SV)[1 + Ecc(r)i, 
where n is the average number density and (SV) is the mean value of the volume defined 
by r to r Sr, see Peebles (1980) for a complete derivation. 
If we then compare these pair counts to those derived from the random catalogue, 
NpRR, which has a correlation amplitude at all r of ERR(r) = 1, we can determine Ecc(r) 
from, 
Npcc 
1 + Ecc(r) = NpRR (5.2) 
where the expression has been suitably normalized to account for any differences in the 
sizes of the random and cluster samples. 
Variations on equation 5.2 have been proposed by several authors. The most com- 
monly used estimator utilizes cluster- random pair counts, NpcR, to minimize edge effects 
(Davis & Peebles 1983); 
NpCC 
1 + Ecc(r) = 2FNpCR (5.3) 
where F is the ratio of random and cluster mean densities. Because the mean cluster 
density in the Universe is unknown, it has to be estimated from the data sample, a 
process that introduces errors into the correlation function, see Loveday et al. (1994). 
Recently a new estimator has been reported in the literature (Hamilton 1993), 
1 + Ecc(r) = 
This estimator is only affected to the second order by density fluctuations and should be 
much more reliable than the density- dependent traditional estimator. Landy & Szalay 
(1993) have also proposed that the variance on the Hamilton estimator is more accurately 
described by Poisson statistics than the traditional estimator. 
Both estimators have been used to analyse the 11 cluster samples presented in ta- 
ble 4.7. The separation between each cluster -cluster, cluster -random and /or random - 
random pair in the 11 samples was calculated using equation 1.4 and the cosine rule. 
The Npcc, NpcR, NpRR pairs were then sorted into logarithmic bins, L loglo(r) _ 
NpccNpRR 
(5.4) 
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0.2 h -1 Mpc. Normalized, Npcc, NpcR & NpRR, pair distributions in these bins are 
shown in figure 5.A. for cluster sample 1. It can be seen from this figure that there is a 
deficit of small separation cluster -cluster pairs in this sample. This deficit means that it 
is impossible to measure the correlation function on scales less than ^ 5 h -1 Mpc using 
the SRCS. Note that Lahav et al. (1989, § 1.3.1) remarked on a similar deficit in their 
sample of X -ray clusters. 
The error in the random -random and cluster -random pair counts was minimized 
by using several large random catalogues. In the case of equation 5.3, 20 different 
random catalogues, each 100 times larger than the cluster sample, were used. The second 
estimator, 5.4, takes much longer to compute. Therefore, only 10 random catalogues, 
each 40 times the size of the cluster samples were used in this case. This reduction in 
random catalogue size does not detract from the accuracy of the estimated correlation 
function (Szalay, private communication). 
The resulting correlation amplitudes for cluster sample 6 from the two estimation 
techniques are shown in figure 5.3. The difference between the two methods becomes 
apparent at large separations, with the Hamilton estimator finding less power on large - 
scales than the traditional estimator. This trend is seen among all our cluster samples 
and is in agreement with the findings of Loveday et al. (1994) regarding the APM galaxy 
spatial correlation function. We have, therefore decided to adopt the Hamiltonian esti- 
mator during our analysis of the X -ray cluster correlation function results. 
5.1.3 Errors 
The correlation amplitudes derived using the estimators described above have associated 
errors. These errors are introduced by a) the limited size of the cluster sample, b) the 
uncertainty in the measured cluster number density, c) the finite binning size and d) 
selection biases. Two methods (Poissonian & bootstrap) have been proposed in the 
literature to estimate these errors and are described below. 
Poissonian Errors 
If the random catalogue is sufficiently large then the dominant statistical uncertainty in 
equation 5.4 lies in the cluster pair counts. It turns out, see Peebles (1980), that for 
low amplitudes of Ecc(r), the error in Npcc can be simplified to a counting problem 
in Poisson statistics, i.e. 5Npcc = Npcc. Therefore, the errors on the correlation 
amplitude derived from equation 5.4 can be estimated as follows; 
bEcc(r) _ 
(Npc92Npcc + NpcR(Npc92 
(NpRR)2 (5.5) 
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Figure 5.2: An example of normalized pair counts in A loglo(r) = 0.2 h -1 Mpc logarith- 
mic bins for cluster -cluster pairs, cluster- random and random -random pairs. SLAc.h pair 
counts are used to determine the correlation function at each separation, see text. 
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However, if the correlation amplitude is not negligible, the errors in the pair counts 
Npcc(r) in different bins are not independent. As a consequence, the simplification of 
Poisson statistics is not accurate and the errors on each point will be underestimated. 
Bootstrap re- sampling 
An alternative method of error analysis that has become increasingly common in spatial 
correlation function studies is the technique of bootstrap re- sampling, Ling et al. (1986). 
This method involves the creation of a large number of pseudo data sets from the origi- 
nal data sample and the measurement of the correlation function for each data set. The 
error on the correlation function is then taken to be the standard deviation over the 
entire ensemble.1 The data sets are constructed by selecting clusters at random with 
replacement from the original cluster sample, i.e. a single cluster can be included sev- 
eral times, or never, in the pseudo data set. The advantage of this method is that it 
should be applicable both in the high and in the low Ecc(r) amplitude regimes. Unfor- 
tunately, full bootstrap error analysis requires a large investment of computer time. We 
have, therefore, decided to use the method developed by Mo et al. (1992) to determine 
bootstrap -resampling errors analytically. Mo et al. have shown that; 
1) When Npcc « Nclu5i where Ndu9 is the number of clusters in the sample, the boot- 
strap error, about, is related to the Poissonian error, opOt99, by crboot (/ x crpoi99) 
2) When Npcc > Nciu9, Crboot ti Opoiss 
We use these expressions and equation 5.5 to determine the bootstrap errors that are 
plotted in figures 5.4 & 5.5 and when fitting the correlation function. 
5.1.4 Fitting the Correlation Function 





where, r0 is the correlation length, or separation at which the amplitude of the correlation 
function is unity, Ecc(ro) = 1. Therefore, for each of the correlation functions presented 
in figure 5.4 we made a weighted, two parameter least squares fit to equation 5.6 to 
determine the best fit values of 'y and r0. 
We perform the fit twice, first out to 36 h -1 Mpc and secondly out to 180 h -1 Mpc. 
The first limit represents the separation at which the correlation amplitude is almost 
always2 observed to be positive and the second limit represents the full range of our 
'N.B. Mean values calculated over the ensemble are not good estimators of the true mean. 
2We acknowledge the presence of a negative point at r < 35 h -1 Mpc in sample 5. 
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Figure 5.3: A comparison of the Hamilton () and traditional estimators (0) of the 
correlation function for SGP RASS cluster sample 6. It can be seen that at large sepa- 
rations r z 4011,-1- Mpc that the results of the two techniques become discrepant, with 
the traditional estimator finding more clustering strength than the Hamilton estima- 
tor. Note that the solid points indicate separations where the correlation amplitude was 
negative, these points represent the modulus of Ecc(r). 
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correlation analysis. The reason we made two fits in this way is because it is unclear 
whether points after the first zero -point crossing can be taken as significant. Some au- 
thors limit their fits to only the points before the first zero -point (e.g. Nichol et al. 1992) 
whereas others fit the correlation function out to large separation regardless of the ap- 
pearance of negative points (e.g. Dalton et al. 1992). The point of first crossing has 
been taken to have critical implications to cosmological theories, Klypin & Rhee (1994). 
These authors also suggest that is impossible to measure the correlation function at 
amplitudes less than ti N78 (in our case Ecc S 0.01) due to the finite sample sizes and 
edge effects. We understand that our result may be interpreted by several groups after 
publication and, therefore, aiming to suit all prejudices, we present the power law fits to 
both separations. 
Note that it is not possible, using least squares fitting, to determine whether equa- 
tion 5.6 is the correct parameterization of the observed correlation functions. This is 
because the absolute chi -squared values cannot be interpreted in the usual way, due to 
the fact that the points are not independent. 
Figure 5.4 displays the results of the correlation analyses performed on the 11 samples 
presented in table 4.7. To recap, the correlation functions have been determined using 
equation 5.4, logarithmic bins (A log10(r) = 0.2 h -1 Mpc) and the la- bootstrap error 
bars shown have been derived analytically. The absolute values of any negative points 
are not shown on these plots. However, if the 10-boot upper limit is positive, the top 
portion of the error bar is shown. Some general observations that should be noted about 
these plots are that a) there are positive correlations between X -ray clusters, b) that the 
correlation amplitudes are decreasing roughly in a power law fashion, c) that the plots 
are very noisy, and d) beyond 40 h -1 Mpc there are very few positive points that are not 
consistent with zero. 
Recalling from § 4.6, the 11 cluster samples represent a medley of selection tech- 
niques, flux determinations and flux limits. Every sample is internally incomplete to 
some degree, i.e. there are other clusters without redshifts that were selected by the 
same method. In addition every sample is externally incomplete, i.e. there are some 
RASS detected, fx Z 1 X -12 erg s -1 cm-2, clusters that were not included in the origi- 
nal candidate list either because; a) their count rates and /or extents were miscalculated 
or b) most of their galaxies are faint and are not included in the CUOC. It is not 
surprising, therefore, that there are discrepancies between the 11 correlation functions. 
Compare, for example, samples 10 and 11. Both samples contain approximately the 
same number of clusters and have been selected to the same (VTP) count rate limit. 
One (10) represents a purely X -ray selection method (extent) whereas the other (11) 
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sample selection No. ro80 ( h-1 Mpc) y r.°36 ( h-1 Mpc) y 
1 CERS°-07V°-1 154 13.12 + 3.40 1.9 + 0.5 15.31 + 3.50 1.4 + 0.5 
2 CERSo.o7 133 13.97 + 3.14 2.0 + 0.5 15.71 + 4.18 1.6 + 0.7 
3 CERS" 99 14.03 ± 3.76 2.6 + 1.0 16.01 + 3.54 2.1 ± 0.7 
4 CERV" 136 11.23 + 4.44 1.8 ± 0.6 12.46 + 8.98 1.1 + 1.0 
5 CERV" 91 12.51 + 6.02 2.8 + 1.8 13.03 + 8.61 2.7 + 2.4 
6 CS"7 124 16.61+2.93 2.5+0.7 18.69+4.13 1.9+0.8 
7 ESo.o7 97 14.81 + 2.34 2.4 + 0.7 16.28 + 2.43 1.9 + 0.5 
8 RS°07 85 18.48 ± 3.41 3.2 + 2.0 18.82 + 4.22 2.3 + 1.4 
9 CV01 127 11.58+5.38 1.9+1.0 13.10+11.01 1.1+1.3 
10 EV" 94 17.49 + 1.98 5.3 + 2.4 17.58 + 2.41 5.2 + 2.8 
11 RV" 94 14.71+3.73 2.5+1.0 17.45+5.08 1.6+0.8 
Table 5.1: A listing of the best fit values of correlation length, r°, and power law slope (y) 
for each of the 11 correlation functions presented in figure 5.4. The fits were performed 
using a weighted least squares analysis over two ranges in separation, a) to 180 h -1 Mpc 
and b) to 36 h -1 Mpc. The number of clusters per sample are listed in column 3. The 
methods used to construct each of the samples are summarized in column 2, see table 
4.7 for more details. The codes can be interpreted as follows; 
C CSEARCH selected 
E Extent selected 
R ROE /NRL cluster 
S SASS flux limit 
V VTP flux limit 
count rate limit in 1/s 
has been developed using the ROE /NRL optical cluster catalogue. On a point by point 
comparison these plots seem quite different, but studying plots as a whole it is possible 
to see that the same trends are seen in the clustering properties of both samples. The 
same trends are seen among the other plots too, and this is reflected in the results of 
the two parameter power law fits table 5.1, figure 5.5. 
5.2 Results from the Various SGP RASS Cluster Samples 
The fits are not shown on the plots themselves because they tend to mislead the eye in 
cases where there are few points and the fits are poor, e.g. samples 9 & 10. A weighted 
mean of the 11 results gives r° = 16.7+1.1 h -1 Mpc and 7 = 1.7 +0.2 for r < 36 h -1 Mpc 
and r° = 15.32 ± 1.0 h -1 Mpc and 7 = 2.1 + 0.2 for r < 180 h -1 Mpc. (These mean 
values are given for illustrative purposes; the samples are not independent and so the 
mean values have little statistical significance.) Note the effect of changing the range of 
fitted points; the r° values are systematically higher and the slopes are systematically 
flatter when one fits from 5 -> 36 h -1 Mpc than when one fits from 5 -s 180 h -1 Mpc. 
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Figure 5.5: The distribution of ro and ry values determined from the 11 SGP RASS cluster 
samples, see table 5.1. The results of fitting the correlation function to 180 h' Mpc and 
3612.-1-Mpc are shown in the upper and lower plots respectfully. 
The grey boxes on figure 5.5 indicate the range in observed ro and y values available 
in the literature, § 1.3.1, determined (in order of increasing ro) for galaxies and optical 
clusters see below for a discussion. 
5.2.1 The Effect on ¿cc(r) of Changing the Flux Limit 
The samples (1 --f 5) that combine the results of all three selection methods (§ 2.3.2); 
CSEARCH , extent & ROE /NRL clusters, do not appear to have significantly different 
correlation functions than the samples that are derived from a single selection method 
(6 --> 11). With samples (1 -+ 5) we have tried to investigate richness dependence in 
the X -ray correlation function by examining the effect of changing the flux limit on the 
clustering properties. A richness dependence has been reported by some authors in the 
optical cluster correlation function, e.g. Bahcall & Burgett (1986). This dependence 
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pertains to a (sometimes) observed strengthening of the clustering with galaxy richness, 
Ngai. 
There is an observed correlation between richness and X -ray luminosity (Edge & 
Stewart (1991); L, a N9ai). Therefore, it should be possible to investigate richness de- 
pendence in Ecc(r) with X -ray clusters using samples with differing flux limits3. Corn - 
paring the results from samples 2 & 3 (SASS count rate limits of 0.07s-1 and 0.1 s -1) 
and samples 4 & 5 (VTP count rate limits of 0.1 s -1 and 0.2 s -1)4, there is no significant 
evidence for increasing r0 values with flux -limit, as would be expected from Bahcall & 
Burgett's universal correlation function. However, one has to remember that the inher- 
ent deficiencies in the count rate determinations for our candidates, and hence in the 
quoted flux limits, § 2.4.2, may be blurring any physical effect that may be present. In 
addition, as Bahcall & Cen (1994) are at such pains to explain, "flux- limited sample[s] 
contain clusters of different richnesses at different distances ". We will refer again to 
richness dependence in §5.3.3. 
5.2.2 The Effect on .cc(r) of Contamination. 
We have also tried to investigate the cleanness of our cluster sample by finding the 
correlation function for; 
a.) Sample 1 plus all the identified AGN with redshifts in table A.2. (161 objects in 
total) 
b.) Only the flag 1 and flag 2 (§ 4.1.3) clusters in sample 1. (102 objects in total) 
c.) Abell clusters from sample 1 with RC > 0. (105 objects in total) 
The results of these correlation functions are shown in figure 5.6 and table 5.2. Where 
as sample a.) is at least 5% contaminated, samples b.) and c.) should comprise of 
almost 100% clusters. Comparing the plots from sample a.) and sample 1 it can be seen 
that the introduction of low level artificial contamination in the sample has negligible 
effect on the measured correlation function. The effect of moving to an uncontaminated 
sample is unclear because the reduction in sample size introduces extra noise into the 
plots. Plot c.) seems to suggest that the contaminated sample has too much large -scale 
(r > 40 h -1 Mpc) power, however, plot b.) appears to have more large -scale power than 
the sample a.). 
3Flux and luminosity are related via equation 2.6 
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sample No. ro$0 (h -1 Mpc) 7 ró6 (h -1 Mpc) 7 
a (sample 1 plus AGN) 161 12.54 + 3.30 1.9 + 0.5 15.08 + 3.26 1.3 + 0.4 
b (flag 1 & 2 clusters) 102 13.44 + 3.66 2.1 + 0.7 14.56 + 3.17 1.8 + 0.6 
c (RC > 0 Abell clusters) 105 14.76 + 3.37 2.8 + 1.0 17.31 + 3.71 1.9 1 0.8 
Table 5.2: A listing of the best fit values of the correlation length, r0, and power law 
slope (7) to the contaminated (a.) and clean (b.,c.) correlation functions presented in 
figure 5.5. The fits were performed using a weighted least squares analysis over two 
ranges in separation, a) to 180 h -1 Mpc and b) to 36 h-1 Mpc. The number of clusters 
per sample are listed in column 2. 
5.2.3 Summary 
The variation in the measured r0 and 7 values presented in tables 5.1 & 5.2 should 
represent the full range in systematic differences between the 14 different SRCS cluster 
subsamples. If any particular selection method or count rate determinations was fun- 
damentally in error, then these errors should be reflected in the correlation function. 
However, with the data available it is impossible to make subtle assessments of the rela- 
tive merits of the various samples. For example, the most discrepant point on figure 5.5 
comes from sample 10, where the slope is poorly constrained due to the lack of points 
with which to fit to. 
In conclusion, the 14 4-cc(r) plots presented in figures 5.4 & 5.6 show no significant 
differences, in either correlation length or slope. The range over which the two parameter 
fit is made and the sample size have more effect on the measured correlation function 
than does flux limit, flux type, selection method, level of contamination or level of 
internal completeness. Typical values for the correlation length and power law slope are 
r0 = 15 -> 17 h -1 Mpc and 7 2 respectively. 
5.3 A Comparison with Previous Estimates of .cc(r) 
Until now we have presented the results from every SRCS cluster subsample with equal 
weight. However, for the sake of clarity, we have chosen to discuss the results from 
a single subsample when making comparisons between our estimate of Ecc(r) and a) 
previous estimates of Ecc(r), b) theoretical predictions ( §5.4). In light of the original 
aim of this thesis; to measure the two -point correlation function for a large X -ray selected 
sample of clusters, we have chosen sample 6 to make these comparisons. Sample 6 was 
developed using only the CSEARCH method, § 2.3.2, it contains 124 clusters, has a SASS 
flux limit of 1.17 x 10 -12 erg s -1 cm-2 and has N 60% internal completeness. The highest 
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Sample No. ro 




SRCS Sample 6 (-+ 180) 124 16.6 + 2.9 2.5 + 0.7 0.84 str. 0.375 
(--* 36) 18.7+4.1 1.9 +0.8 
Postman et al. (1992) 208 20.6 44.s 1.9 ± 0.2 6.05 str. 0.08 
Nichol et al. (1994a) 67 16.1 + 3.4 1.9 + 0.3 0.17 str. 0.24 
Dalton et al. (1994) 220 12.9 + 1.2 2.0 1.31 str. 0.116 
Table 5.3: Power law fits to the correlation functions presented in figures 5.6 & 5.7 The 
number of clusters in each sample is given in column 2, the areal coverage of the sample 
in column 5 and the maximum cluster redshift in column 6. (See §1.3.1 for more details 
of the literature samples.) 
redshift cluster (Abell 370, RASS source 0194076) in this sample lies at z = 0.375. 
A comparison between the correlation amplitudes derived from this sample and those 
derived by Postman et al. (1992, P92) and Dalton et al. (1992, D92) for optical clusters 
is shown in figure 5 .: In figure 5. , a similar comparison is shown with the correlation 
function derived by Nichol et al. (1994a) from a sample of Abell clusters detected in the 
RASS . A full description of these other samples was given in g 1.3.1. We make a brief 
reiteration in table 5.3 to stress the salient differences and similarities between these 
samples and sample 6. Note that in figure 5.1-we have shown the results from P92's 
"statistical subsample" of 208 clusters not from their whole sample of 351 clusters. This 
subsample was limited in redshift and galactic latitude by z < 0.08, ibi > 30 °, it is 
volume complete and is claimed to have only minimal selection biases. 
5.3.1 The Correlation Length 
It can be seen from table 5.3 that there are no significant discrepancies between published 
values of the correlation length for optical or X -ray clusters and our result from sample 
6. This is also illustrated in figures 5.5, 5 ?-& 5.g In figure 5.5 the full range of 
previously measured r0 and 7 values are indicated as shaded regions for both galaxy 
(3 < r0 < 7 h -1 Mpc, Loveday et al. 1994) and (11 < r0 < 25 h -1 Mpc, D92 & P92) 
cluster correlation functions. (These boxes include the for errors quoted in the respective 
publications.) The distribution of points from our SRCS samples fall, by and large, 
within the boundaries of the cluster shaded region. From the upper plot in figure 5.5, one 
might conclude that the points were more compatible with the lower range of previously 
measured r0 and hence that our samples were more consistent with the D92 result than 
with the P92 result. However, in the lower plot, the range of measured SRCS r0 values 
fills the whole shaded region and it is impossible to conclude from this whether our 
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Figure 5. A point by point comparison of the correlation functions derived from a) 
SGP RASS sample 6, b) the statistical sample of Abell clusters presented in Postman et 
al. (1992) and c) the sample of digitised clusters in Dalton et al. (1992). 
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Figure 5. A point by point comparison of the correlation functions derived from SGP 
RASS sample 6 and an X -ray confirmed sample of Abell clusters presented in Nichol et 
al. (1994a). 
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samples are closer to digitised (D92) or Abell (P92) clusters. (Sample 6 falls at roughly 
the centre of the shaded region in each case.) 
It seems, therefore, that the SGP RASS Cluster Project has not yet brought the 
debate as to the true value of the cluster correlation length (§ 1.3.1) any closer to a 
solution. However, studying figure 5.--IL-it is hard to understand where the community's 
obsession with r0 stems from. In fact, if one interprets the D92 points at r < 10 h -1 Mpc 
as measuring the correlation function in a regime inaccessible to the P92 and SGP 
RASS samples, then the simple power law description of ¿cc seems increasingly naive. 
In this plot it can be seen that on the scales of interest (10 < r < 20 h -1 Mpc) all the 
correlation amplitudes agree to within < 3o. Whether the clusters come from X -ray 
selected, digitised or Abell samples, they all show roughly the same power on scales 
40 h -1 Mpc. 
What is important to emphasize is that none of the samples are producing correlation 
lengths comparable to the galaxy correlation functions, i.e. r0 5 h -1 Mpc. Improve- 
ments in selection techniques, redshift follow -ups and sample sizes over the last decade 
have pegged the correlation length at r0 < 20 h -1 Mpc. (Compare to ro .- 25 h -1 Mpc 
for the first measured "cc(r) by Bahcall & Soneira 1983.) However, it seems un- 
likely that any future improvements in sample quality will shift the measurement to 
r0 < 10 h -1 Mpc. In other words, there is still a discrepancy between the cluster correla- 
tion function and the galaxy correlation function that must be explained by any viable 
theory of large -scale structure formation. 
5.3.2 Large -Scale Correlations 
Let us now turn our attention to the value of cc(r) on larger scales, r > 40 h -1 Mpc. 
It is at these scales that there seem to be real differences between the different cluster 
samples. D92 measure no positive power on scales greater than r < 27 h -1 Mpc and yet 
P92 are finding positive amplitudes to r 200 h -1 Mpc. It is crucial that the correlation 
function is measured accurately on these scales, because the existence of significant power 
in Écc(r) at ti 100 h -1 Mpc puts serious constraints on theories of large -scale structure 
formation (e.g. Klypn & Rhee 1994). In a followup paper to D92, Efstathiou et al. (1992) 
interpret the differences between their result and that of P92 to be due to the Sutherland 
effect, § 1.3.2. As stated in § 1.3.2, an X -ray selected sample will not suffer from the 
Sutherland effect and so our result should provide an independent test of this hypothesis. 
We compare below the measured correlation amplitudes at r 50, &90 h -1 Mpc for the 
three samples; 
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Sample Distance Amplitude Distance Amplitude 
SRCS Sample 6 (eq. 5.4) 57 h -1 Mpc -0.03 + 0.05 91 h -1 Mpc -0.04 + 0.05 
Dalton et al. 1992 50 h -1 Mpc -0.03 + 0.03 90 h -1 Mpc -0.01 + 0.02 
Postman et al. 1992 63 h -1 Mpc 0.07 + 0.01 100 h -1 Mpc 0.07 + 0.03 
SRCS Sample 6 (eq. 5.3) 57 h -1 Mpc 0.02 + 0.08 91 h -1 Mpc 0.04 + 0.04 
Both D92 and P92 used the traditional estimator, equation 5.3, when deriving these 
amplitudes. Therefore, we have included in this table the results for SRCS sample 6 from 
both the Hamilton estimator, equation 5.4, and the traditional estimator. Whereas, the 
Hamilton estimator results are closer to D92, the traditional estimator results are (not 
surprisingly, see figure 5.3) closer to P92. It appears, therefore, that our data are not 
robust enough to be able to distinguish between P92 and D92 using Ecc(r). To be able 
to do so conclusively, one needs to reduce the size of errors bars at r > 40 h -1 Mpc by 
at least a factor of two, which would require a larger, more complete sample of X -ray 
clusters. 
However, when one examines the two dimensional correlation function, it becomes 
much more apparent that sample 6 is more consistent with the D92 sample of digitised 
clusters than they are to the P92 sample of Abell clusters. The 2 -D correlation function, 
Ecc(r,x), was introduced in § 1.3.2 during our discussion of projection effects. To 
reiterate, it is calculated by de- projecting the correlation amplitude into its o and it 
components, where ir = Icz1 - cz2i is the separation along the line of sight between 
two clusters at redshifts z1 Si z2, and o = (r2 - 7r2)1/2 is approximately the separation 
perpendicular to the line of sight. Using the traditional estimator, equation 5.3, and 
Ar = 30 h -1 Mpc (linear) bins we have computed ¿cc (a-, ir) for both sample 6, figure 5.? , 
and for the P92 statistical sample, figure 5.10 We have already shown a Ecc(a, r) plot 
for the P92 data, figure 1.2, however, for the purposes of fair comparison, it is necessary 
to plot these data again here. The sample 6 data had to be binned very coarsely to 
compensate for the lack of close pairs in cluster sample 6 (figure 5.a, ) and, when one 
bins the P92 data in the same way, some of the structure seen in figure 1.2 becomes 
washed out. However, even with this large bin size it is apparent that the P92 contour 
plot is extended along the redshift axis, whereas the contour plot generated from sample 
6 is roughly isotropic on scales á 60 h -1 Mpc. We interpret these plots to mean that 
projection effects in the Abell catalogue are artificially boosting the correlation amplitude 
along the redshift axis. We infer that the excess power at scales of 40 < r < 200 h -1 Mpc 
seen in the P92 data over the D92 data and sample 6, figure 5.6, is attributable to this 
artificial clustering. 
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a (h-1Mpc) 
Figure 51: A contour plot of the 2 -D correlation function derived from SGP RASS 
sample 6, see text. The contours are separated by AEcc(o, ir) = 0.2, with the highest 
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Figure 5.10 A contour plot of the 2 -D correlation function derived from the Postman 
et al. (1992) statistical sample of RC > 0 Abell clusters, see text. The contours are 
separated by AEcc (0,7r) = 0.4, with the highest contour level lying at 4.cc (Q, 7r) = 2.5. 
Notice the tendency for the contour lines to stretch out along the it axis. 
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5.3.3 A Caveat 
Before completing this section it is worth pointing out that a direct comparison between 
our result and other determinations of Ecc(r) might be misleading, due to richness 
dependent clustering. That there is richness dependence in the correlation function 
is beyond question; as shown above, single galaxies are less clustered than clusters of 
galaxies. However, the issue of whether there is also richness dependence in the clustering 
properties of clusters remains unresolved. On the theoretical side there is disagreement 
over whether a richness dependence can be reproduced by present models, e.g. Bahcall 
& Cen (1992, for), & Croft & Efstathiou (1994, against). On the observational side, 
the reliability of the measurements of large correlation amplitudes from rich clusters 
(Peacock & West 1992) has been called into question (Efstathiou et al. 1992) because 
these measurements rely on the Abell catalogue, which has been shown (above & § 1.3.2) 
to suffer from a variety of selection effects. 
In light of this ongoing debate we refer the reader to a recent paper by Bahcall & 
Cen (1994). The authors suggest that, because of the richness dependence effect, the 
correlation function results from a flux -limited sample of X -ray clusters, such as ours, 
should not be compared directly with those from volume and richness limited optical or 
X -ray cluster samples, e.g. P92 & Nichol et al. (1994a). As a result, we have avoided 
making anything other than qualitative comparisons above. We stress here that the 
existence (or otherwise) of richness dependence does not compromise the ability of Ecc (r) 
measured from flux -limited samples of X -ray clusters to put constraints on theoretical 
models, Mann et al. (1994). However, the models do need to be made specific to the 
sample under study, §5.4. 
We present below, table 5.4, the distribution of Abell richnesses for the 115 Abell 
clusters in the SRCS. Notice that the modal Abell richness class in the SRCS is RC = 1, 
which is in conflict with the predictions of Bahcall & Cen (1994). We concede that it 
is possible that the other 39 SRCS clusters were not included in the Abell catalogues 
because they were too poor, i.e. Ngai was too low, and that the modal richness of our 
sample is, in fact, lower than RC = 1. However, the reader is referred to the CUOC find- 
ing charts of Abell and non -Abell SRCS clusters presented in appendix C, see table C.1 
for details. The Schmidt plate material available to Abell & co- workers is reproduced, 
albeit in digitised form, in these finding charts. From visual inspection, the non -Abell 
SRCS clusters do not appear to be any different from the Abell counterparts, thus sug- 
gesting that the Abell catalogues are incomplete and not that the SRCS is dominated 
by nearby low richness systems. 
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Richness class S RC = 0 RC = I RC = II RC = III RC = IV 
No. of clusters 11 23 43 23 13 2 
Table 5.4: Distribution of richness classes for 115 Abell clusters in the SRCS. (The letter 
S in column 2 describes supplementary clusters.) 
5.4 Theoretical Implications 
In chapter 1 we outlined how the study of cluster correlation functions can provide 
important constraints on theories of large -scale structure formation. The work presented 
in this thesis is primarily concerned with the development of the best possible sample 
of X -ray clusters with which to study large -scale structure and we will not dwell heavily 
on theoretical comparisons. However, for completeness we review a forthcoming paper, 
Mann et al. (1994) that is concerned with the theoretical implications of the spatial 
correlations presented in § 5.2. 
Mann et al. (1994) use analytical techniques to compute the statistical and dynam- 
ical components to the clustering of a volume -limited cluster sample. To this end they 
employ the theory of the statistics of peaks in Gaussian random fields and the Zel'dovich 
Approximation to evolve the cosmological density field into the mildly non -linear regime 
appropriate to the present epoch cluster distribution. They then go on to make predic- 
tions, specific to the flux -limited sRC9 samples, of the form of Ecc in various cosmolog- 
ical scenarios which takes into account richness dependence in the correlation function. 
(We have supplied Mann et al. with the details of the SRCS redshift distribution to aid 
their computations.) 
The models that they consider all pertain to a spatially flat Universe with Gaussian, 
scale -invariant, initial density fluctuations. They include; 
1. no = 1.0, Ao = 0.0, r = 0.5, (Model 1) 
2. Sto = 0.2, Ao = 0.8, r = 0.2, (Model 2) 
3. Sto = 1.0, Ao = 0.0, r = 0.2, (Model 3) 
4. Sto = 0.2, Ao = 0.8, F = 0.1, (Model 4) 
where SZo represents the present mass density relative to the density required to close 
the Universe, equation 1.6, r defines the shape of the post -transition epoch (§ 1.2.4) 
power spectrum and Ao = A /3Hó, where A is the cosmological constant. Model 1 
represents the standard CDM model, § 1.2.4. Model 2 is a low density CDM model 
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favoured by Efstathiou et al. (1990) for its ability to account for the strong, large angle, 
clustering in the APM galaxy catalogue. Model 3 is equivalent to the mixed dark matter 
model (30% HDM, 70% CDM), proposed by, for example, Taylor & Rowan- Robinson 
(1992). Model 4 was proposed by Bahcall & Cen (1992) to account for richness -dependent 
cluster correlation functions. All the models are normalized to the results of the CODE 
experiment, Smoot et al. (1992). 
We have reproduced figure 1 of Mann et al. (1994) in figure 5.11. This figure shows 
the predictions (specific to SRCS cluster sample 6) for the cluster correlation function 
in models 1 -> 4. The solid and dotted lines on these plots correspond to two different 
critical density contrasts; 8 = 1.0 and 5 = 1.7 respectively. (The critical density 
contrast refers to the enhancement that is required for a cluster sized density peak to 
collapse.) In these plots, the correlation amplitudes derived from SRCS sample 6 are 
also marked. It is apparent from these plots that the SRCS data points are not hugely 
inconsistent with any of the four models. This is disappointing, as it shows that the 
new X -ray data are not able to provide the robust constraints on theoretical models that 
were hoped for at the inception of the SGP RASS Cluster Project. Mann et al. (1994) 
suggest that larger, more complete samples of clusters would be required to be able 
to differentiate more solidly between the competing models. However, they concluded 
that the data seem to rule out the low density, positive cosmological constant, model 4. 
Despite the fact that the SRCS ¿cc measurements have not provided any new theoretical 
constraints, they do support the constraints derived from optical cluster samples, which 
is itself an important result given the controversy surrounding optical cluster correlation 
functions, § 1.3.2. 
One final point to note is that the science of theoretical modelling cluster distribu- 
tions is still in its infancy. Analytical methods and n -body simulations make very naive 
assumptions regarding cluster formation and evolution. These assumptions may well be 
proved to be ill founded in light of new cluster observations, for example the baryonic 
mass distribution in the Coma cluster (White et al. 1993b) and the existence of very 
high redshift X -ray clusters (Castander et al. 1994, Nichol et al. 1994b). Therefore, im- 
provements need to be made in both the X -ray cluster samples and in the theoretical 
predictions, before X -ray clusters can be fully exploited as cosmological diagnostics. 
5.5 Summary 
In this chapter we have presented the spatial correlation function results derived from 
11 subsamples of SRCS clusters. From these results we have been able to conclude that 
the clustering properties of X -ray clusters are not strongly dependent on the selection 
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Figure 5.11: Theoretical predictions of the X -ray cluster correlation functions in 4 differ- 
ent cosmological scenarios. This figure is a reproduction of figure 1 in Mann et al. (1994). 
Details of the models are given in the text. The data points refer to the correlation am- 
plitudes derived from SRCS cluster sample 6. 
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method used to derive them. The size and incompleteness of the samples means that the 
derived correlation functions are rather noisy and, therefore, the value of the correlation 
length ro has not been clearly defined. We have found that the clustering strengths 
derived from any sample is strongly dependent, at large separations, on the estimation 
method used. We have compared the results from a single SRCS subsample, sample 6, 
with those from other optical and X -ray cluster samples. (Sample 6 comprises some 124 
clusters is X -ray selected, via CSEARCH, and represents a SASS flux limit of 1.2 x 
10 -12 erg s -1 cm -2.) We conclude that there is evidence for artificial clustering in the 
Abell cluster sample of Postman et al. (1992). Comparisons have been made between the 
sample 6 ¿cc results and theoretical models produced analytically by Mann et al. (1994). 
The data seem to rule out a low density, positive cosmological constant, model favoured 
by Bahcall & Cen (1992). However, the data provide inadequate constraints to be able to 
distinguish between standard CDM, mixed CDM and tilted CDM models. Larger X -ray 
cluster samples would be required to do so. Therefore, we plan to improve the size and 
completeness of the SRCS in the near future. These plans are discussed in chapter 6. 
Postscript 
As a postscript to this chapter we discuss the effect on ¿cc of the 600 f 100 km s-1 
SRCS redshift errors described in § 4.7. Such errors are equivalent to adding random 
peculiar velocity to the clusters. Large peculiar velocities distort redshift space and, has 
been shown by Bahcall et al. (1986), can cause line -of -sight anisotropy in the measured 
clustering. As no such anisotropy is seen in the SRCS correlation function, figure 5.9, we 
can conclude that the redshift errors are not biasing the correlation function on scales 
greater than 20 h -1 Mpc. But what about smaller scales, especially the crucial regime 
of 10 -4 20 h -1 Mpc where ¿cc 1? As 600 kms -1 represents ti 5 h -1 Mpc over the 
redshift range of the SRCS clusters, we cannot resolve two clusters in velocity space that 
lie 5 h -1 Mpc apart along the same line of sight. This is reflected by the fact that 
the closest pair of SRCS clusters lie 5.2 h-1 Mpc apart. However, on scales larger than 
5h -1 Mpc, we do not expect that the redshift errors will have any significant effect on 
the correlation function. We have demonstrated this by predicting the number of cluster 
pairs that we might be "missing" at small (r < 20 h -1 Mpc) separations. We have 
constructed 100 random catalogues of 154 points in the SRCS region. The redshifts of 
these points were drawn from the SRCS redshift distribution after 600 kms -1 smoothing. 
It was found that the average numbers of pairs per 01og10(r) = 0.2 h -1 Mpc bin did not 
vary more than 10% from those derived from the real cluster data. 
We conclude that the SRCS cluster redshift errors do not have any significant effect 
on the measured correlation functions on scales greater than 5 h -1 Mpc. Other projects, 
such as the EDCC (Nichol et al. 1992), have been able to probe the correlation function 
to smaller scales (r 3 h -1 Mpc) by obtaining multiple (n 10) galaxy redshifts per 
cluster. Therefore, it would be advisable to obtain additional multi- object spectroscopy 




We close this thesis with a review of the major results presented in each chapter. We 
make suggestions for possible improvements to the methods used in each case. We 
describe the planned future of the SGP RASS cluster project and its other scientific 
goals. 
6.1 Selection of Candidates 
In chapter 2 the construction of a flux -limited list of 345 SGP RASS cluster candidates 
was described. Three different selection techniques were used; a) CSEARCH which is 
an automated search for galaxy enhancements around every SGP RASS source, b) a 
separation analysis with the ROE /NRL optical cluster catalogue and c) the selection of 
all extended SGP RASS sources. In addition, only those RASS sources with hardness 
ratios of HR + 5HR > 0 were selected. Two methods, SASS and VTP, of source count 
rate determination have been described and compared. In the case of the VTP analysis, 
only 337 of the candidates have available VTP count rates. We have investigated the 
effects of patchy Galactic extinction among the candidates in the flux -limited sample, 
and conclude that the effects are not significant. The flux -limited candidate list is 
expected to include 45 - 70% of all z 1 x 10 -12 erg s -1 cm-2 SGP RASS clusters. The 
contamination by non cluster sources in the candidate list is expected to be 15 %. 
From the experience gained during the SGP RASS Cluster Project, it is possible 
to suggest improved methods of candidate selection. Some of these suggestions will be 
employed to improve the SGP RASS cluster candidate list, but some will also aid other 
groups trying to identify cluster sources among the myriad of RASS detections. 
The main stay of the candidate selection in this thesis was the CUOC. This catalogue 
has proved to be invaluable in the process of RASS source identifications in the southern 
hemisphere. It has been widely used by the various RASS working groups (cluster, 
quasar, stellar etc. ) at MPE. Improvements continue to be made to this catalogue and 
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to the ROE /NRL cluster catalogue derived from it. If problems, such as inadequate 
galaxy deblending and star /galaxy separation in cluster cores, could be solved, then 
the efficiency of RASS cluster candidate selection must, surely improve. However, even 
with such improvements, the CUOC will always suffer from plate limit effects and, 
therefore, never be an effective tool in the process of distant cluster detection. The 
CSEARCH algorithm, which identified by far the most RASS clusters in the SGP region, 
has its strength in its simplicity. Certain sophistications have been suggested, however, 
and may be adopted in the near future. For example, one of the major drawbacks of 
the CSEARCH algorithm is its implicit assumption that the X -ray and optical cluster 
centres coincide. It might be possible to overcome this problem by letting the cell centre 
float inside the X -ray error circle so as to optimize the derived CSEARCH probability. It 
would also be useful if a rudimentary cluster parameterization was run at the positions 
of high likelihood candidates to provide background subtracted number counts, galaxy 
magnitude distributions etc. 
If the scientific aims of a RASS cluster project did not require complete cluster sam- 
ples, it would be possible to produce a representative, clean, sample of cluster candidates 
by selecting only on the basis of X -ray properties. As was shown in § 4.4, BASS sources 
with extents greater than 37" and /or hardness ratios greater than HR 0.5 are 
highly likely to be clusters. With regard to extent selected cluster samples, they do tend 
to be biased in favour of low redshift clusters (figure 4.7), but not so much so that their 
statistical properties are significantly biased. If future RASS processing turns out to im- 
prove on SASS I in a significant way, then extent and hardness ratio selection methods 
may surpass the CUOC methods even with regard to number of clusters identified. 
Another means by which to produce "quick and easy" cluster candidate lists is to use 
separation analyses with the Abell catalogues. It was shown, § 4.4.3, that candidate lists 
thus derived will be 20% incomplete, which is not a major concern for most purposes. 
In addition, Nichol et al. (1994a) have shown that BASS detected Abell cluster samples 
are purged of the Sutherland effect, § 1.3.2. There is one important point to note, 
however, with regard to the use of Abell selected RASS cluster samples, and that is the 
possibility of a new class of X -ray cluster; the X -ray bright /galaxy poor cluster. Such 
clusters would be massive, by virtue of their intracluster gas, but would have low Abell 
richnesses, if they exist in the Abell catalogue at all. Such clusters would never have 
been detected before RASS , because their identification requires X -ray selection, and 
hence good position and extent determination. One of the future goals of the SRCS is 
to investigate whether such clusters exist. 
The RASS is by the far the best, existing, database to search for X -ray clusters, 
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but it is not without its problems. For example, uneven exposure. Its finite resolution 
also means that, even at the high Galactic latitude of the SGP region, certain X -ray 
sources are merged. For example source 0124051, which is thought to consist of both a 
white dwarf star and a cluster, § 4.4. For the SGP BASS Cluster Project the limiting 
sensitivity of the RASS is not a problem. In fact, it is quite helpful in reducing confusion 
from Galactic dwarf stars. However, if one wanted to detect a higher redshift population 
of clusters (z Z 0.4) then one would have to concentrate on the ecliptic pole regions - 
which have the highest RASS exposure times - or make serendipitous searches among 
ROSAT pointing observations. (See Bower et al. 1994 for a discussion of the icq}c--r- 
technique. ) 
Returning again to the SGP RASS cluster candidate list described in chapter 2, its 
most important failing is the inaccurate flux determination. The problems with the 
available SASS and VTP count rate determinations make it very hard to produce a 
truly flux -limited sample of cluster candidates. Planned improvements in the SASS 
processing, will hopefully, improve on this situation. 
6.2 Spectroscopic Follow -up 
In chapter 3 we described the observing and reduction methods employed during the 
spectroscopic follow -up of SGP RASS cluster candidates. These methods are very stan- 
dard and will not be discussed further. (Perhaps the only interesting fact introduced in 
this chapter is the proof that the cross correlation technique of redshift determination 
really does work!) 
However, it is certainly possible to outline areas of improvement. In a very basic 
sense, we could have improved our observing technique by calculating appropriate ex- 
posure times for the 1992 AAT run and observed more spectral templates during the 
1992 SAAO run. On a more subtle level, the observing and reduction methods were not 
optimized for the identification of contaminating objects in the candidate list. The fact 
that the identification of all z > 0.11 emission line galaxies (as AGN or starburst etc. ) 
remains in doubt (§ 3.6.4) must be seen as a failing of the spectroscopic follow -up. In 
our defense, it should be stressed that we did not originally expect to find many z > 0.1 
clusters in our sample and the chosen 3800 - 55001 observing window does have the 
advantage of being virtually free of sky lines. (For comparison, the maximum redshift 
of the EDCC redshift sample is z 0.15.) In retrospect, it would have been preferable 
to have sacrificed some of the spectral resolution and extended the observing window 
to Z 650051. Although the accuracy of the galaxy redshifts would have been degraded, 
this would have minimal effect on the accuracy of the derived cluster redshifts. Because 
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of the limited spectral coverage of the observations, the lack of full flux -calibration in 
the reduction pipeline is justified - there are so few emission lines in the window that 
equivalent width measurements would not have aided the galaxy classification a great 
deal. However, flux -calibration should probably be included in the reduction of future 
spectroscopic measurements. 
In conclusion, the spectroscopic follow -up of RASS cluster candidates did not turn 
out to be as trivial as we had originally hoped. The derivation of cluster redshifts was 
as easy as anticipated - there were usually cluster galaxies on or near the X -ray position 
if the RASS source was a cluster. However, for effective identification of contaminating 
objects, multi- object spectroscopy would have been a better approach. Unfortunately, 
multi- object spectroscopy is a costly use of limited telescope time. A compromise would 
be to use long -slit observations for the very likely clusters (or for that matter contaminat- 
ing objects) and to opt for multi- object observations in the less obvious cases. Ways to 
identify high likelihood clusters and contaminating objects are discussed in the following 
section. 
6.3 Development of the SRCS 
In chapter 4 we discussed the development of the SRCS, the SGP RASS Cluster Sample, 
which comprises of some 154 X -ray clusters with redshifts. This is the largest X -ray 
selected X -ray cluster sample constructed to date and yet it only constitutes .:: 50% of 
the fx z 1 X -12 erg s -1 cm-2 RASS cluster candidates identified in the SGP region. 
Part of the reason why so few of the candidates were observed during the spectroscopic 
campaign, and hence identified as clusters or contaminating objects, was the late change 
made to the SASS determined count rates, § 2.4.2. However, another stumbling block 
was that we had to assume that every candidate had a high probability of being a 
contaminating object and, hence, laboriously follow -up faint objects in the X -ray error 
circle in case they turned out to be AGN, BL Lac's etc. 
It would be possible in future to remove some of the contamination in the candidate 
list prior to observations by a) performing separation analyses with identified RASS AGN 
and stars and b) by utilizing X -ray to optical flux ratios. The latter information is now 
becoming available to the SGP RASS Cluster Project from the Fleming et al. ESO Key - 
Project. This key project has made comprehensive identifications of all RASS sources in 
selected regions and provides invaluable information on the statistical probability that 
certain optical objects within the X -ray error circle are responsible for the X -ray source. 
(Similar statistics were used during the construction of the EMSS, Stocke et al. 1991.) 
One additional piece of information that could be used to aid future spectroscopic 
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follow -ups is the finding (§ 4.1.2) that if a CUOC object lies exactly on the X -ray position 
then that object will be associated with the X -ray source, whether source is a cluster, a 
star or an AGN. 
It was shown in § 4.2.1 that certain SGP RASS cluster candidates seem to be associ- 
ated with both a contamination object (white dwarf or AGN) and a cluster. Both white 
dwarfs and AGN can have fluxes that are below the flux -limit of our sample, in which 
case we would be wrong in excluding the associated cluster from the SRCS. Again the 
X -ray to optical flux ratios will play a vital role in helping differentiate between X -ray 
faint and X -ray bright point sources. In addition, it is planned to make photon maps 
around each SRCS cluster. These maps will be very low resolution, but may be able 
to differentiate between clusters dominated by central point source emission and those 
dominated by intracluster gas emission. 
6.4 The X -ray Cluster Correlation Function 
In chapter 5 we presented the spatial correlation function results derived from 11 sub - 
samples of SRCS clusters. From these results we have been able to conclude that the 
clustering properties of X -ray clusters are not strongly dependent on the selection method 
used to derive them. The size and incompleteness of the samples means that the derived 
correlation functions are rather noisy and, therefore, the value of the correlation length 
ro has not been clearly defined. We conclude that there is evidence for artificial cluster- 
ing in the Abell cluster sample of Postman et al. (1992), based on the results from the 
two dimension correlation function, Ecc(cr, ir). 
Comparisons have been made between the ECG, results from SRCS subsample 6 and 
from theoretical models produced analytically by Mann et al. (1994). The data seem 
to rule out a low density, positive cosmological constant, model favoured by Bahcall & 
Cen (1992). However, the data provide inadequate constraints to be able to distinguish 
between standard CDM, mixed CDM and tilted CDM models. Larger X -ray cluster 
samples would be required to do so. Therefore, we plan to improve the size and com- 
pleteness of the SRCS in the near future. Telescope time has already been secured for 
Fall 1994 to continue the spectroscopic follow -up of SGP RASS cluster candidates. With 
the improved X -ray information now becoming available, future follow -up campaigns 
should be more efficient than those in the past. The forthcoming observations will pro- 
vide larger, more complete, redshift samples of X -ray clusters with which to constrain 
theories of large -scale structure formation. 
With larger samples, it will be possible to look for second order effects in the X -ray 
cluster clustering properties, such as luminosity and redshift dependence. It may also 
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be possible to construct volume limited samples of clusters - which are easier to model 
theoretically than flux -limited samples. 
6.4.1 Romer et al. 1994 
The correlation function results presented in chapter 5 of this thesis have been written up 
as a letter to Nature, Romer et al. (1994). This letter is still at the (third) referee stage, 
but has been provisionally accepted for publication. The preprint will not be appended 
to this thesis, as final changes still need to be made to the manuscript. However, it 
is worth making some comparisons between the results presented in chapter 5 with 
those presented in Romer et al. (1994). Firstly, the sample of clusters used in Romer 
et al. (1994) does not constitute one of the eleven samples discussed in table 4.7. The 
candidate list from which the Romer et al. (19cí:4) cluster sample was, instead, developed 
using the following criteria; 
1. CSEARCH and ROE /NRL separation analysis contamination levels of < 20 %. 
(Extended clusters that were not flagged by either CSEARCH or the separation 
analysis were not included in the candidate list.) 
2. A SASS detelinined count rate limit of > 0.1 s -1, where the version of the SASS 
processing used was that before the second vignetting correction was made, see 
§ 2.4.2 
From these criteria, a SGP RASS cluster candidate list was developed with 199 entries. 
Of these, 128 were identified as clusters with redshifts and 38 as contaminating objects. 
The methods used to classify clusters and contaminating objects and to assign cluster 
redshifts were less sophisticated than those employed in chapter 4. However, this has 
been shown not to make any significant difference to the derived clustering properties of 
the sample. The only real difference between the Romer et al. (1994) sample and, say 
sample 1 in table 4.7, is that the completeness was over estimated in the letter. The 
reason for this error, was the late notification, by MPE, of the change in the SASS fluxes 
described in § 2.4.2. To date, the authors of Romer et al. (1994) have opted to retain 
the 80% completeness value quoted in the original version of the letter. The conclusions 
of Romer et al. (1994) are exactly the same as those drawn in § 5.3 and § 5.4 of this 
thesis. 
6.5 The Future of the SGP RASS Cluster Project 
We have described above how improvements to the selection process, spectroscopic 
follow -up and candidate classification methods are expected to increase the size and 
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quality of the SRCS over the corning years. These improvements are summarized below 
in the context of the paper (Voges et al. ) in which the final SRCS will be presented. 
The authors of that paper will include; Voges, Bóhringer, Collins, Cruddace, Ebeling, 
Gursky, MacGillivray, Romer, & Yentis. This paper will draw on new information that 
was not available to the author of this thesis, for example; 
Photon maps of the cluster candidates. 
Accurately determined source fluxes. 
SASS II processing. 
e An improved CSEARCH algorithm 
The results from the Fleming et al. ESO Key -Project including X -ray to optical 
flux measurements. 
o New spectroscopic data. 
Throughout this thesis I have tried to emphasize the work that was done by my 
collaborators (listed above) with regard to the development of the SGP RASS cluster 
candidate list. However, I want to re- iterate their involvement here. 
e The RASS data: I am very grateful to the director of the ROSAT project, Prof. J. 
Trl mper, and to the manager of the SASS processing team, Wolfgang Voges, for 
allowing me access to the ROSAT All-Sky Survey data in the SGP region. 
The CUOC: The CUOC digitised object catalogue, and the ROE /NRL cluster cat- 
alogue derived from it, provides the backbone of SGP RASS cluster candidate selec- 
tion in this thesis. It is the result of many years of labour by Harvey MacGillivray 
& co- workers at ROE and by Darryl Yentis, John Wallin, Brad Stuart & others at 
NRL. 
CSEARCH: The CSEARCH algorithm was conceived by Chris Collins and de- 
signed by Darryl Yentis. All CSEARCH processing of SGP RASS sources was 
performed at MPE by Ray Cruddace. 
Separation Analyses: The results from separation analyses between SGP RASS source 
positions and several (Abell, EDCC, APM & ROE /NRL) optical cluster samples 
were utilized in this thesis. The analysis was performed at MPE by Harald Ebeling 
in each case. 
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o VTP Analysis: VTP processing of SGP RASS cluster candidates was performed 
by Harald Ebeling at MPE. 
o CUOC finding charts: the finding charts presented in Appendix C form only a 
subset of the many used during the spectroscopic follow -up. These charts were 
produced at MPE, almost exclusively, by Ray Cruddace. 
The final SRCS will be used for a variety of investigations, including the improved 
Ecc measurements described in § 6.4. We outline here some of the other investigations 
to which the SRCS will be applied; 
1. Evolution in the X -ray Cluster Luminosity Function. With improved source count 
rates, it will be possible to derive accurate cluster luminosities and thus study 
evolution in our cluster sample. The fact that our sample is both larger and more 
homogeneous than those previously used to study luminosity evolution (Henry et 
al. 1992 & Edge et al. 1990, see table 4.8) means that we will be in a very strong 
position to test the reliability of this controversial observation. 
2. X -ray to optical properties of clusters. To this end we will use overlaps with the 
APM and EDCC cluster catalogues to provide optical descriptions of the X -ray 
clusters in the SRCS. The best presently available X -ray to optical correlations 
(Edge & Stewart 1991) rely on only 37 clusters. Our sample will provide an 
obvious, long overdue, improvement. 
3. An investigation into the Butcher Oemler Effect in X -ray selected clusters. This 
investigation has already begun. We have obtained multi - colour photometry for 
20 SRCS clusters and we will use these images to correlate X -ray luminosity 
with blue galaxy fraction. 
4. Searches for distant and /or galaxy poor, X -ray clusters. An imaging campaign is 
already under way to follow -up extended SGP BASS sources that were not picked 
out by CSEARCH as being associated with galaxy overdensities. These sources 
are potentially very interesting clusters, either because they are distant (i.e. below 
the plate limit) or because they are intrinsically galaxy poor. 
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Appendix A 
Flux -Limited List of SGP RASS 
Cluster Candidates 
The flux -limited SGP RASS cluster candidate list is presented in this appendix. The 
methods used to construct this candidate list are described in chapter 2. The processes 
by which certain candidates have been identified with clusters, AGN etc. are described 
in chapter 4. Note that table A.2 does not constitute the final results from the SGP 
RASS Cluster Project. Over the coming months improvements will be made to the 
selection process and the RASS data processing. In addition the spectroscopic follow - 
up will be extended. Therefore, the data presented in this appendix should be taken as 
preliminary. Note that; a) when a candidate has a redshift available in both the literature 
and from our own spectroscopic follow -up, the value adopted for the candidate is marked 
in either column 9 or 11 with a * and b) the superscript in column 11 provides a key to 
the source of the literature redshift information, see table A.1 below. 
Code Explanation 
A Andernach Listing (Andernach et al. ) 
APM APM cluster survey (Dalton et al. ) 
C ROSAT Bright Cluster sample (Crawford et al. 1994) 
E Redshift from the EDCC cluster survey (Nichol 1992) 
Ep Redshift from the EDCC cluster literature search (Nichol 1992) 
H Z- CAT (Huchra et al. ) 
Table A.1: Key the source of the literature cluster redshifts listed in table A.2. 
165 
Appendix A: Flux- Limited List of SGP RASS Cluster Candidates 166 
Explanation of the Columns in Table A.2 
(1) MASOL identification number for the RASS source, see § 2.1.1. 
(2) Right ascension (J2000, degrees) of the RASS source. 
(3) Declination (J2000,degrees) of the RASS Source. 
(4) Candidate has CSEARCH contamination value < 15% (s). 
(5) Candidate has a > 85% probability of being associated with a ROE /NRL optical 
cluster (). 
(6) Candidate has a measured SASS extent (s). 
(7) RASS source has a SASS determined count rate greater than 0.07s-1 (). 
(8) RASS source has either a VTP determined count rate greater than 0.1 s -1 () or 
no VTP count rate is available (o). 
(9) Redshift of source named in column 16, as determined from the spectroscopic 
followup, zsF 
(10) The number of galaxy spectra used to determine zsF. 
(11) Literature redshift for an optical cluster associated with a RASS source, zi;t. 
(12) The number of galaxies used to determine zt;t. 
(13) The optical cluster associated with the RASS source. The prefix "A" indicates 
a regular Abell cluster, a "S" indicates a supplementary Abell cluster, "E" in- 
dicates an EDCC cluster and "APM" indicates an APM cluster, see § 1.3.1 for 
references. Note that all Abell (regular & supplementary) clusters associated with 
SGP RASS cluster candidates have been listed. However, for simplicity, only those 
APM and EDCC clusters with zut that are not also Abell clusters are listed. 
(14) The separation (arc seconds) between the optical cluster and the RASS source 
position. 
Appendix A: Flux- Limited List of SGP RASS Cluster Candidates 167 
(15) An identification flag, 1 -> 9, the details of which are given in § 4.1.3, 4.2.3, 4.3. 
The salient points are summarized below; 
Flag 1: Cluster with secure identification and reliable redshift. 
Flag 2: Unconfirmed cluster with reliable redshift. 
Flag 3: Unconfirmed cluster with unreliable redshift. 
Flag 4: Only marginal evidence to support cluster identification. 
Flag 5: No spectroscopic information available, but candidate "looks" like a cluster 
in the CUOC. 
Flag 6: Candidate with no spectroscopic information available. 
Flag 7: Unidentified candidate with available spectroscopic information. 
Flag 8: Confirmed contaminating object. 
Flag 9: Unconfirmed contaminating object. 




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Results from the Spectroscopic 
Follow -Up 
Here we present the results from the spectroscopic follow -up of SGP RASS cluster can- 
didates. Every line of table B.1 represents the the spectral information from a different 
object that surrounds the candidate number listed in column 1. We have attempted to 
classify these objects as AGN, X -ray quiet galaxies or stars (column 4) on the basis of 
the spectral features listed in column 8. The redshift information for the 311 objects is 
presented in columns 7, 9 & 10. For descriptions of the classification technique and the 
redshift determination, the reader is directed to sections § 3.5.1, § 3.5.2& § 3.6 of chapter 
3. Note that a f in either column 7 or 9 indicates which redshift value was assumed for 
the object when the XCORR and manually determined redshifts disagree. 
181 
Appendix B: Results from the Spectroscopic Follow -Up 182 
(1) 
Explanation of the Columns in Table B.1 
SGP RASS cluster candidate MASOL number. (See table A.2 for candidate coor- 
dinates.) 
(2) Place and date of observations. 
(3) Total integration time. 
(4) Object type identified with the spectrum. Note that a) a numeric superscript in 
this column indicates that the object spectrum was featured in figure 3.6 and b) a 
* in this column indicates that the object was not used to determine the redshift 
of the underlying X -ray source. 
(5) Flag indicating if the object lay inside the X -ray error circle (Q). If the object 
was the sole CUOC entry inside the error circle, it is flagged by Q. 
(6) Flag indicating if the object resembled a cD galaxy; either in the CUOC or on 
the respective Schmidt plate. (cD galaxies are bright ellipticals with an extended 
amorphous halo.) 
(7) The redshift value determined by the manual technique, § 3.5.1. Approximate 
values are prefixed by a . 
(8) The features identified in the spectrum listed by increasing wavelength, refer to 
table 3.6 and § 3.5.1 for details. Note a) that hydrogen lines in absorption are 
distinguished from those in emission by the use of lower case letters for the former, 
i.e. hó, h hQ etc. , b) that if a feature is enclosed in parentheses then the feature 
was of low S/N in the spectrum and c) that the superscripts in this column, s f, ?bl 
etc. , refer to the appearance (in terms of strength and width) of the emission lines. 
(9) The redshift determined by the XCORR cross correlation technique, § 3.5.2. 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































CUOC Finding Charts 
This appendix presents, in numerical order, COSMOS /UKST Object Catalogue (CUOC) 
finding charts for 40 of the SGP BASS cluster candidates listed in table A.2. The plots 
include magnitude and positional information for all objects within a 90" radius of the 
X -ray centre. The X -ray centre is marked with an X and the X -ray error circle is 
shown via a solid black line. The dotted line marks a circle of radius 200 ". In these 
plots, the object ellipses determined by COSMOS are shown. Stars and galaxies are 
distinguished via light and dark shading respectively. These plots were produced by Ray 
Cruddace using software developed by Jacob Englhauser at MPE. Any noteworthy points 
concerning the individual finding charts are listed in table C.1 below. In this table "SF" 
refers to "spectroscopic follow -up ", "lit." refers to "literature" and "X -ray 0" refers to 
"X -ray error circle ". Many of the candidates featured have been highlighted, in chapter 
4, as examples of the 9 classification flags used in table A.2. In addition several Abell 
and non -Abell clusters are featured, to show their similarity. 
195 






0014072 1 (Abell) cluster with agreeing zlit and zsF 
0034044 4 A z > 0.11 cluster with an emission line galaxy inside the X -ray O 
0034158 2 Candidate identified with Abell 85. 
0034159 6 Candidate associated with, but not identified as, Abell 85. 
0074105 1 (Abell) Cluster whose z1;t and ZSF disagree 
0084165 8 AGN identified during the SF 
0094175 1 Abell 222, forms closest cluster pair in sample with 0094175 
0094176 1 Abell 223, forms closest cluster pair in sample with 0094175 
0094217 2 None of the available redshifts are inside the X -ray O 
0104188 3 Possible high velocity dispersion cluster 
0104212 1 (Abell) cluster whose count rate was severely underestimated by SASS 
0124051 9 Candidate provisionally identified with a white dwarf star 
0134078 8 AGN identified during the SF 
0144092 3 (Abell) Cluster with a foreground starburst (or possibly active) galaxy 
0144172 9 "AGN" on X -ray centre may be emission line cD galaxy 
0174101 8 Candidate identified with nearby spiral galaxy on X -ray centre 
0174111 4 A z > 0.11 cluster with an emission line galaxy inside the X -ray O 
0723060 2 Abell cluster, with zi;t, dominated by a single cD -type galaxy 
0733059 3 Galaxy redshifts obtained outside the X -ray O 
0733077 7 Candidate from the SF that has not been identified 
0743009 8 Candidate identified with bright star on X -ray centre 
0743011 5 Candidate with no identification that "looks" like a cluster 
0753011 4 A z > 0.11 (Abell) cluster with an emission line galaxy inside the X -ray O 
0753052 1 Type 1, non -Abell cluster 
0753060 8 BL Lac. object on X -ray centre was misid.'d as a star in the CUOC 
0782158 1 Type 1, non -Abell cluster 
0813014 1 Type 1, Abell cluster, observed during the SF 
0823080 1 Type 1, non -Abell cluster 
0843100 4 There are galaxies inside the X -ray O with no spectra 
0853043 9 Candidate provisionally identified with an M -dwarf star 
0853062 7 Candidate from the SF that has not been identified 
0863043 5 Candidate with no identification that "looks" like a cluster 
0863044 3 Possible high velocity dispersion cluster 
0873078 8 AGN identified with X -ray source lies inside a cluster 
0883087 6 Type 1, non -Abell cluster 
0893097 1 Type 1, Abell cluster that was not observed during the SF 
0903046 8 AGN identified with X -ray source lies inside a cluster 
0903060 3 Abell cluster, with z1;t, dominated by a single, AGN -type, galaxy 
1044097 7 Candidate from the SF that has not been identified 
1064123 1 Type 1, non -Abell cluster 
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